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1. INTRODUCTION 

This report presents the design for a new land disposal unit at the US Ecology Nevada, Inc. (USEN) 

hazardous waste disposal Facility, located about 11 miles south of Beatty, Nevada, in Nye County.  

The new unit, Trench 13, is planned as a RCRA Subtitle C land disposal unit with the capacity 

(and authorization) to also accept Toxic Substances Control Act (TSCA)-regulated wastes.   

This Design Report has been prepared and is submitted in compliance with the requirements of 40 

Code of Federal Regulations (CFR) Section 264, Subpart N: Landfills and regulations at 40 CFR 

Part 761.75.  This Design Report addresses: 

• Regulatory Requirements; 

• Landfill Operating Procedures, Responsibility, and Authority; 

• Site Preparation (including shallow surface soil excavation and replacement, disposal 

Trench excavation, excavated sidewall stability, sump construction, and placement of 

compacted subgrade on the Trench floor); 

• Liner System Design and Performance (including liner system components, exposure 

protection, and stresses); 

• Leachate Handling (including LCRS and LDS); 

• Above-Grade Disposal Design (including slopes, heights, and stability); 

• Final Cover Design and Performance; 

• Run-on/Run-off Control Systems and Facility Surface-Water Management; and 

• Surface Erosion. 

Design drawings for Trench 13 are provided in Appendix 1 of this Design Report.  Engineering 

Calculations are provided in Appendix 2.  Supplemental Documents and Plans are included as 

various appendices of this Design Report to support the engineering design; facilitate proper 

construction, use, and monitoring; and insure appropriate closure and post-closure care.  The 

Documents and Plans included as appendices to this Design Report include: 
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• Construction Quality Assurance Plan; 

• Response Action Plan; 

• Geotechnical Evaluation; 

• Surface-Water Run-on and Run-off Control Demonstration; 

• Environmental Monitoring and Reporting Plan; and 

• Closure and Post-Closure Care Plans. 

1.1 FACILITY INFORMATION 

The USEN Hazardous Waste Management Facility is operated under Hazardous Waste 

Management Permit NEV HW0025 (July 2015 RCRA Permit) and a separate Toxic Substances 

Control Act (TSCA) approval (issued by USEPA on November 5, 2012).  The Facility is permitted 

to manage wastes regulated under the Resource Conservation and Recovery Act (RCRA) and 

polychlorinated biphenyl (PCB) wastes regulated by TSCA.  At the time of preparation of this 

Design Report, the active waste disposal unit is Trench 12.  Trench 13 is planned as the next waste 

disposal unit on property provided to USEN under agreement with the State of Nevada.   

1.2 LOCATION 

The Facility is located in a remote and arid desert region of southern Nevada at Latitude 36.77N 

and Longitude 116.69W.  The agreement between USEN and the State of Nevada (land owner) 

for the property occupied by the USEN Hazardous Waste Management Facility is expected to be 

modified in 20161.  The land use agreement modification is expected to add an additional 400 

acres to USEN’s current operation on 80 acres of State Land.  A 47.3 acre portion of the newly 

added 400 acres will be the location of Trench 13.   

In accordance with 40 CFR 264.18 and/or 40 CFR 761.75, Trench 13 is sited in a location where:  

• Based on site reconnaissance and review of available literature, there is no known active 

fault (i.e., fault with movement more recent than the previous 10,000 years) located within 

                                                 
1   Final approval of the transfer of the 400-acre tract from USBLM to the State of Nevada was completed on June 

8, 2015.  A land use agreement between the State of Nevada and USEN for 400 acres was not finalized at the 
time of submittal of this report, but is expected to be completed in 2016. 
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200 feet of the Trench 13 disposal area.  The Cararra Fault is known to cross that USEN 

Site and is mapped in the Trench 13 area.  The Cararra Fault does not show movement in 

Quaternary sediments and recurrence is greater than 10,000 years (Taylor, 2010); 

• The limits of the nearest 100-year floodwater crest elevation are approximately 1,400 feet 

to the southwest.  Trench 13 is not located within a 100-year floodwater elevation; 

• There is no hydraulic connection between the Facility and standing or flowing surface 

water; and 

• There is no recharge to groundwater originating within the limits of the USEN Facility. 

In addition, Trench 13 is sited in a location where: 

• The seasonally highest groundwater level is more than 200 feet below the lowest point of 

the disposal Trench; 

• USEN’s non-potable water supply well is the nearest water supply well, and is located 

approximately 1,800 feet to the north-northwest;  

• The site is in an area of low to moderate relief, minimizing erosion; and 

• A minimum 300-feet wide buffer is maintained from the vertical plane that defines the 

limits of waste disposed in Trench 13 and adjoining Bureau of Land Management (BLM) 

property - waste placement on west side of Trench13 will be 150 feet from USGS 

“property”, but this might be subject to change in the future. 

1.3 SITE CONDITIONS 

The natural site topography generally slopes toward the south at less than one percent grade.  

Steeper slopes exist over short distances in the vicinity of natural gullies.  Existing vegetation 

consists of native arid region plants.  Surface and shallow subsurface materials primarily consist 

of sand, gravel and silt.  The subsurface conditions and site geology, modeled in this Design 

Engineering Report, are based on past site investigations, as supplemented by the geotechnical 

investigation conducted specifically for Trench 13 in September 2015.  The arid location of the 

USEN Facility receives an average of 4.33 inches of precipitation per year (Amargosa Farms-

Garey Station, NOAA 2004). 
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1.4 PROJECT DESCRIPTION 

USEN is proposing to construct a new hazardous waste disposal unit, to be designated “Trench 

13”, on property owned by the State of Nevada and used by USEN for waste treatment and 

disposal.  The new Trench design has dimensions of 2,190 feet wide (east to west) and 940 feet 

long (north to south) and will be located south and southeast of the area of previous Facility 

operations.  The new Trench will be developed in five Phases, each including a dedicated leachate 

collection and leak detection sump and riser system, to be located on the south side of each Phase.  

Total waste disposal capacity for Trench 13 is estimated at 8.6 million cubic yards, with 

approximately 4.2 million cubic yards as below-grade disposal and 4.4 million cubic yards as 

above-grade disposal.  Based on current waste receivables, USEN anticipates that approximately 

7%, or 0.6 million cubic yards, will be TSCA-permitted PCB wastes.  Based on recent waste 

receivable rates as high as approximately 18,000 cubic yards per month, Trench 13 should provide 

sufficient waste disposal capacity for approximately 40 years.   

The first Phase of construction (Phase A) will provide approximately 0.7 million cubic yards of 

capacity and will provide approximately three years of operational capacity.  The capacity of the 

first Phase of landfill operations assumes a 2H:1V layback of waste away from future Phase 

development and assumes waste placement does not extend above-grade; however, above-grade 

waste placement is not restricted.  Phases B, C, and D will provide approximately 1.7 million cubic 

yards of landfill operational capacity each, assuming 2H;1V layback of waste away from future 

Phase development and assumes above grade waste placement to final waste grades.  Phase E will 

provide approximately 2.8 million cubic yards of landfill operational capacity. 

The placement of the sump (lowest point in the floor of the disposal Trench) on the south side of 

the planned Trenches, allows the Trench floor to mimic the natural surface topography with Trench 

floor grades sloping to the south. 

As done for the most recently used land disposal units at the USEN Facility (Trenches 11 and 12), 

Trench 13 will extend no more than approximately 75 feet below the original ground surface and 

will be constructed with 0.5H:1V side slopes.  A three-dimensional interpretation of the Trench 13 

excavation is included as Figure 1-1.  Also, upon completion, the crest of the closed disposal unit 
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the crest will not exceed an elevation of 2860 feet above the North American Vertical Datum of 

1988 (ft NAVD88) a height of approximately 90 feet above ground surface.  Trench 13 will have 

3H:1V side slopes and an upper deck with five percent southward slopes.  A three-dimensional 

interpretation of Trench 13, following completion is included as Figure 1-2.  A minimum 80-feet 

wide area of natural soil will separate the horizontal limit of Trench 13 waste disposal from the 

previous southern boundary of the USEN Facility. 

Trench 13 will utilize a multi-component floor liner system that incorporates primary and 

secondary geomembrane liners that comprise an upper leachate collection and recovery system 

(LCRS) and a lower leak detection system (LDS) in compliance with applicable RCRA and TSCA 

requirements. 

At closure, Trench 13 will include an alternate final cover (AFC) that is appropriate to the arid 

setting, and that is similar to the permitted Trench 11 final cover and the final cover planned for 

closure of Trench 12.  The Trench 11 final cover has been constructed and was given conditional 

approved by the Nevada Division of Environmental Protection (NDEP) Bureau of Waste 

Management.  Trench 11 includes a performance monitoring system that is being used to monitor 

moisture movement through the cover.  The Trench 11 performance monitoring system is expected 

to provide confirmation of acceptable performance of the final cover system and document the 

applicability of the final cover system to Trenches 12 and 13.  Recognizing that variability of cover 

materials and orientations can exist, USEN will evaluate conditions of the Trench 13 cover for a 

suitable location for a second alternate final cover performance monitoring system.  The 

installation of that system will not occur until after closure of Phase A at Trench 13.  The location 

and design of the second alternate final cover performance monitoring system will be submitted 

for Agency approval prior to construction. 

1.5 CORRELATION WITH PRIOR DESIGNS 

To the extent practical and technically sound, the Trench 13 Design incorporates many of the 

design elements, specifications, procedures, and quality assurance methods that were approved 

and used for construction and operation of Trench 12 and closure of Trench 11.  This approach 

maintains the applicability of many of the calculations, including predictive modeling, and 
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supporting technical information from the Trench 12 design and Trench 11 closure.  These 

calculations, models, and supporting information are familiar to NDEP and previously have been 

reviewed and approved.  These calculations and models are reproduced in this Design Report in 

sufficient detail to demonstrate their applicability to Trench 13.  References to the original 

documents including these prior design calculations, models, and supporting information include 

the following.  

• TRC Environmental Solutions.  Trench 12 Design Report.  March 1996. 

• AquAeTer, Inc.  Supplement – Landfill Report for Trench 12.  October 2007. 

• AquAeTer, Inc.  Design Basis and Construction Specifications for Trench 11 and 12 Final 

Covers.  April 2008. 

Referenced documents above are included as electronic attachments in Appendix 9.  

Based on experience from similar designs for Trenches 11 and 12, the following design 

modifications are incorporated into the Trench 13 design: 

• Constant–radius curves of sidewall at Trench 12 corners and other necessary HCL bends 

were difficult to construct and added complexity to geosynthetic liner system panel layout 

and seaming.  In an effort to simplify these aspects of sidewall construction, Trench 13 has 

been designed with square corners at the intersection of adjoining 0.5H:1V slopes.  

• Where possible, tight corners in the leak detection sump were eliminated. 

• Leachate collection sump depth and area were increased to manage the additional leachate 

volume possible with the larger size of each Phase, and also to facilitate leachate removal.  

USEN notes that leachate pumps used in Trench 12 sumps typically operated at their 

minimal activation levels because of the sump’s shallow design. 

• A second leachate collection sump riser is included in each LCRS sump design as a backup 

to be used in the event that the first riser cannot be used.    
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Figure 1-1  Three Dimensional Interpretation of the Planned Trench 13 Excavation 
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Figure 1-2  Three-Dimensional Interpretation of Trench 13 at Completion  
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2. REGULATIONS 

Local, state, and federal permits or approvals are applicable to the operations at the USEN Facility.  

In accordance with 40 CFR 270.61 and 40 CFR 761.75(c)(1)(viii), Table 2-1 summarizes the 

applicable permits or approvals. 

2.1 FEDERAL REGULATORY REQUIREMENTS 

Requirements for a RCRA Part B Permit Renewal application applicable to a new landfill design 

are provided in 40 CFR Section 270.21.  Table 2-2 lists these requirements and shows where they 

are addressed within this Design Report. 

This Trench 13 design was prepared in a manner that is in compliance with 40 CFR 264, Subpart N.  

In particular, the requirements in 40 CFR 264.301, design and operating requirements, and 40 CFR 

264.302, action leakage rate, were used as controlling principles. 

The design also was prepared in a manner that is in compliance with 40 CFR 761.  In particular, 

the design incorporates the chemical waste landfill design requirements from 40 CFR 761.75, 

which includes technical, design, and location requirements, as summarized in Table 2-3.  These 

requirements did not conflict with the previously stated RCRA regulations, which generally are 

more restrictive than TSCA requirements. 

2.2 STATE REGULATORY REQUIREMENTS 

In general, the applicable State of Nevada regulatory requirements mirror the federal requirements.  

Section 444.8632 of the Nevada Administrative Code adopts (by reference) the applicable portions 

of the federal Title 40 regulations.  Accordingly, this Design Report conforms to State of Nevada 

requirements via its conformance with federal regulatory requirements, as summarized in Table  

2-2. 

The State of Nevada Division of State Lands owns the land upon which the USEN Facility is 

located, and allows use of that land by USEN.  The land use agreement includes requirements for 

hazardous waste disposal offsets and applicable buffer zones. 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Landfill Engineering Report Revision 1:  March 2016 
Trench 13 

2-2 

2.3 LOCAL REGULATORY REQUIREMENTS 

Local regulatory requirements have not been identified that would have an impact on the design 

of Trench 13. 

Table 2-1  Summary of Local, State, and Federal Permits or Approvals 

Permit Agency Permit Number Issue Date 

Air NDEP-Bureau of Air Pollution 
Control/Quality AP4953-02 and FIN A0557 8/5/2010 

Hazardous Materials Nevada State Fire Marshall 
and NDPS 56416 2/22/2016 

Haz Mat-Transportation USDOT 080411005016TV 2014 
TSCA EPA, Region 9 NVT330010000 11/5/2012 

RCRA NDEP, Bureau of Waste 
Management NEVHW0025 2011 

Stormwater General Permit NDEP-Division Water 
Pollution Control NVR50000 2008 

Water NV Division of Water 
Resources 77066 2013 

Federal Explosives US Bureau of ATF 9-NV-023-33-4M-00199  
Soil USDA 67939 2015 
Mineral Material Free Use  NV Division of State Lands NVN-94282 2015 

 

Table 2-2  RCRA Permit Application Requirements Applicable to Landfill Design 

Regulatory Requirement 
Location in Design Report 40 CFR 270 

Citation  Subject 

270.21(b)(1)(i) Liner system Section 5 
270.21(b)(1)(ii) Double-liner and leachate detection system Sections 5 and 6 

270.21(b)(1)(iii) Leachate detection system in saturated zone Not applicable, LDS not in 
saturated zone 

270.21(b)(1)(iv) Construction Quality Assurance Plan Appendix 3 
270.21(b)(1)(v) Response Action Plan and Action Leakage Rate Appendix 4 
270.21(b)(2) Control of run-on Section 8 
270.21(b)(3) Control run-off Section 8 

270.21(b)(4) Management of surface water collection and holding 
facilities Appendix 6 

270.21(b)(5) Control of wind dispersal of particulate matter Section 3.2.10 

270.21(c) and (d) Inspection Plans USEN RCRA Permit 
Application – Section 5 

270.21(e) Closure and Post Closure Appendix 8 
270.21(f) to (j) Operating Procedures and Management Plans Section 3 
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Table 2-3  TSCA Regulatory Requirements Applicable to Chemical Waste Landfills 

Regulatory Requirement 
Location in Design Report 40 CFR 761 

Citation  Subject 

761.75(b)(1) Soils Not included in this Report 
761.75(b)(2) Synthetic Membrane Liners Section 5 
761.75(b)(3) Hydrologic Conditions Section 1 and Appendix 7 
761.75(b)(4) Flood Protection Sections 1, 8, and 9 
761.75(b)(5) Topography Section 1 
761.75(b)(6) Monitoring Systems Appendix 7 
761.75(b)(7) Leachate Collection Section 6 
761.75(b)(8) Chemical Waste Landfill Operations Section 3 
761.75(b)(9) Support Facilities Section 3.1.11 
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3. LANDFILL OPERATING PROCEDURES, MANAGEMENT PLANS, 
RESPONSIBILITY, AND AUTHORITY 

3.1 OPERATING PROCEDURES AND MANAGEMENT PLANS 

3.1.1 Management of Containerized Waste 

Waste containers intended for disposal will be inspected to ensure they are greater than 90 percent 

full or crushed, shredded, or similarly reduced in volume to the maximum practical extent before 

burial in the landfill.  Typically, empty containers will be placed in the landfill and crushed by 

landfill equipment (e.g.; dozer, compactor).  Also, poly containers usually are physically cut or 

crushed and buried to reduce their volumes.  Containers with labpacks or loosepacks will be 

segregated and not crushed. 

3.1.2 Procedures to Prevent Disposal of Bulk or Containerized Liquids 

Incoming waste shipments are subject to inspection and verification sampling and analysis to 

ensure the absence of free liquids.  The presence of free liquids in a waste shipment is evaluated 

by visual inspection for free standing liquids or by using the Paint Filter Liquids Test (PFLT), as 

described in the USEN waste analysis plan (WAP).  Free liquids present in containerized 

shipments will be absorbed with a non-biodegradable absorbent (e.g.; cement kiln dust, clay).  

Absence of free liquids will be confirmed prior to disposal using visual inspections or the PFLT. 

Absorbed bulk liquid hazardous waste is not accepted for direct disposal.  Solidified liquid waste 

may be accepted if the generator provides data demonstrating the liquid portion of the waste was 

chemically transformed into a solid. 

Bulk or containerized shipments arriving at the Facility containing free-standing liquids may be 

stabilized using appropriate stabilization reagents as described in the WAP. 

3.1.3 Exceptions to Containerized Liquid Disposal Prohibition 

Provisions are made in the regulations (40 CFR §264.314) to allow for the disposal of 

containerized liquids on specific situations.  These situations are: 
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• The container is a lab pack; 

• The container is very small, such as an ampule; or 

• The container is a non-storage type container, designed to hold free liquids (e.g., capacitors, 
batteries). 

3.1.3.1 Lab Packs 

Lab packs may be accepted for disposal at USEN after evaluation of the lab pack inventory to 

ensure it complies with these guidelines as established in 40 CFR §264.316: 

a. Hazardous waste must be packaged in non-leaking inside containers.  The inside containers 
must be of a design and constructed of material that will not react dangerously with, be 
decomposed by, or be ignited by the contained waste.  Inside containers must be tightly 
and securely sealed.  The inside containers must be of the size and type specified in the 
DOT hazardous materials regulations (49 CFR Parts 173, 178, & 179), if those regulations 
specify a particular inside container for the waste; 

b. The inside containers must be overpacked in an open head DOT-specification metal 
shipping container (49 CFR Parts 178 & 179) of no more than 416-liter (110 gallon) 
capacity and surrounded by, at a minimum, a sufficient quantity of sorbent material, 
determined to be nonbioderadable in accordance with 40 CFR §264.314(e), to completely 
sorb all of the liquid contents of the inside containers.  The metal outer container must be 
full after it has been packed with inside containers and sorbent material; 

c. The sorbent material used must not be capable of reacting dangerously with, being 
decomposed by, or being ignited by the contents of the inside containers, in accordance 
with 40 CFR §264.17(b); 

d. Incompatible wastes, as defined in 40 CFR §260.10, must not be placed in the same outer 
container; 

e. Reactive wastes, other than cyanide- or sulfide-bearing waste as defined in 40 CFR 
§261.23(a)(5), must be treated or rendered non-reactive prior to packaging in accordance 
with paragraphs (a) through (d) of this section.  Cyanide- and sulfide-bearing reactive waste 
may be packed in accordance with paragraphs (a) through (d) of this section without first 
being treated or rendered non-reactive; and 

f. Such disposal is in compliance with the requirements of 40 CFR Part 268. 
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3.1.3.2 Small Containers 

USEN considers small ampules to be similar to lab waste, and requires that they be packaged in 

the same manner.  If all the ampules contain the same waste (e.g., quality control samples) and all 

other guidelines are observed, a drum inventory sheet is not required. 

3.1.3.3 Non-Storage Containers 

Non-storage containers (e.g.; capacitors, batteries) may be accepted, regardless of size, for disposal 

without meeting the over-pack criteria established for lab waste, provided that the containers are 

in good condition. 

3.1.4 Special Requirements for PCB Wastes 

PCBs and PCB items are in the landfill in a manner that will prevent damage to containers or 

articles.  Other wastes placed in the landfill that are not chemically compatible with PCBs and 

PCB items including organic solvents are segregated from the PCBs throughout the waste handling 

and disposal process. 

The Facility Operations Plan has been updated as required in 40 CFR§761.75(c).  Bulk liquids not 

exceeding 500 ppm PCBs can be disposed of provided such waste is pretreated and/or stabilized 

(e.g., chemically fixed, evaporated, mixed with dry inert absorbent) to reduce liquid content or 

increase solid content so that a non-flowing consistency is achieved to eliminate the presence of 

free liquids prior to final disposal in a landfill.  

Records will be maintained for all PCB disposal operations and must include information on the 

PCB concentration in liquid wastes and the three dimensional burial coordinates for PCBs and 

PCB Items.  Additional records will be developed and maintained as required in 40 CFR§761.180. 

3.1.5 Special Requirements for Ignitable or Reactive Wastes 

Ignitable or reactive wastes will not be placed in the landfill, unless the waste has been processed 

to remove the ignitability or reactivity characteristic (in accordance with 40 CFR §261.23), and 

the wastes meet all applicable requirements and treatment standards under 40 CFR Part 268.  In 

accordance to 40 CFR §264.313 incompatible wastes and materials must not be placed in the same 

landfill cell unless 40 CFR §264.17(b) is complied with.  When ignitable or reactive waste 
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treatment is required, USEN takes precautions such as small batch treatment to prevent violent 

reactions and/or generation of extreme heat, toxic mists, fumes or gases. 

3.1.6 Special Requirements for RCRA Debris 

RCRA debris typically is treated by an alternate treatment method of encapsulation.  

Microencapsulation typically occurs in other permitted units (e.g.; tank systems), but it is often 

preferable to perform macroencapsulation in the landfill to maintain the integrity of the outer 

barrier.  When performed in the landfill, the debris is staged on an acceptable outer encapsulant 

(e.g.; polyethylene, HDPE) and wrapped or the debris, especially large debris, may be staged and 

encapsulated in place (e.g.; liquid clay, pozzolonic materials) to reduce contaminant leachability. 

3.1.7 Special Requirements for Management of F020, F021, F022, F023, F026, F027 
Wastes 

Regulated dioxin-containing wastes may be disposed of on-site when the LDR treatment standards 

are met.  Compliance with LDR requirements ensures that disposal of such waste will be protective 

of human health and the environment.  In addition, USEN provides geologic and climatic 

conditions that are exceptional for the safe disposal of these and other waste streams.  The 

extremely low rainfall, high evaporation rates, Facility location in a desert area (isolated from 

population sources), waste characterization and handling procedures, and Facility design and 

operation minimize the potential for migration of these wastes through the soil, or volatilization 

into the atmosphere. 

3.1.8 Special Requirements for Interim Processing Loads 

Interim processing loads are loads of treated waste awaiting results from post-treatment testing.  

These loads may be staged within the lined area of Trench 13, provided that the treated waste is 

not placed on or adjacent to final cover.  Up to 10 batches of waste may be placed at any one time.  

Treated waste awaiting test results are contained and controlled in the following manner: 

• Wastes are placed in segregated piles, physically separated and distinguishable from other 
waste placed into the landfill. 
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• Wastes are placed in bulk in individual piles above an impermeable membrane.  The 
impermeable membrane shall be at least 6 mil PVC, PPE or High Density Polyethylene 
and shall be placed within a lined area of the Trench. 

• No free liquids will be present as determined through visual inspection or a paint filter test, 

• Wastes will be protected from wind erosion and dispersal by topping with an anchored 
impermeable membrane or covering with a spray-on asphaltic emulsion.  The spray-on 
emulsion will be applied at the end of the working day.  Other covers providing equal 
protection will also be used. 

• Interim processing loads will be moved within ten days of placement, either by disposal 
following successful confirmation testing or by retrieval for additional treatment or 
containerized storage. 

Each waste pile will be accompanied by the following information: 

• Date and time of placement 

• Unique waste batch identification 

• Compatibility Group 

• Approximate weight 

• Hazardous waste label 

Information accompanying treated waste will be placed within a weatherproof container directly 

placed within the interim processing load.  (Weatherproof containers are customarily metal 

“rockets” holding information within an enclosed tube which is affixed to a long rod that is placed 

within the waste pile.) 

Compliance with the conditions stated above will be verified during weekly landfill inspections. 

3.1.9 Surveying and Record Keeping Procedures 

USEN maintains records of waste locations within the Trench using a grid coordinate system 

established in reference to elevation and horizontal benchmarks.  Irregularly-shaped loads and bulk 

loads will be defined by the grid block that most completely captures the load, noting that waste 

is moved by non-precise equipment such as bulldozers and can cross several grids.  Shipments 

containing more than one waste stream of compatible waste may be buried and located in the same 
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area, but need to be identified.  Waste location information will be recorded in the Operating 

Record. 

3.1.10 Wind Dispersal Control 

To control wind dispersal of particulates during landfilling operations, USEN evaluates candidate 

waste streams during the waste stream evaluation process (as described in the WAP) to determine 

the waste stream's potential to generate excessive fugitive off-site particulate emissions during 

unloading.  Specified packaging and handling arrangements contain the dust during unloading and 

disposal.  If the potential for off-site fugitive particulate emissions is excessive, USEN will place 

the roll-off box near the active face, use a liquid spray or take other measures to reduce fugitive 

particulate emissions.  Wind dispersal potential is routinely reduced by using liquids to suppress 

dust, by daily cover and by spray foam.  Non-hazardous liquids, Non-RCRA liquids and leachate 

generated from Trench sumps may be used for the purpose of dust suppression.  Leachate 

generated within Trench sumps can only be used for dust suppression in the landfill sub-cell 

(Phase) from which it was generated.  For TSCA approval, the leachate also must be tested for 

PCBs and have concentrations below 0.5 ug/L before used as dust suppression, in accordance with 

the TSCA permit. 

3.1.11 Supporting Facilities 

A six foot high woven mesh fence or similar device will be placed around the Trench 13 operations 

to prevent unauthorized persons and animals from entering.  In addition, the entire USEN Facility 

will be surrounded by special fencing to prevent entry by the endangered desert tortoise. 

Roads at the USEN Facility will be maintained to support the operation and maintenance of the 

Facility without causing safety or nuisance problems or hazardous conditions. 

The USEN Facility will be operated and maintained in a manner to prevent safety problems or 

hazardous conditions resulting from spilled liquids. 
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3.2 RESPONSIBILITY 

The following parties were involved in the Trench 13 Design. 

Permitting Agency:  The Nevada Division of Environmental Protection (NDEP) has the 

responsibility and authority to review all design aspects of Trench 13 pertaining to the RCRA 

requirements of 40 CFR 264 and 270 and ensure compliance with pertinent federal and State 

requirements identified in Sections 2.1 and 2.2 of this Report.  NDEP will be the issuing agency 

of the modified RCRA Permit, if accepted. 

The U.S. Environmental Protection Agency (USEPA) has responsibility and authority associated 

with adherence of the design to TSCA requirements of 40 CFR 761 as specified in Section 2.1 of 

this Report. 

Owner/Operator:  USEN has overall responsibility for the Facility and authority to select and 

dismiss organizations charged with design, construction, and quality assurance activities.   

3.3 AUTHORITY 

The owner/operator and/or its representatives have the authority to accept or reject all design 

elements, construction activities, quality assurance, and reports/certifications associated with 

Trench 13.
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4. SITE GRADING AND EXCAVATION  

4.1 GENERAL 

Trench 13 site preparation activities include removal and replacement of an upper, cohesionless 

soil layer; Trench excavation; Trench slope preparation (including slope riser excavation); Trench 

floor (subgrade) removal and replacement; and various ancillary construction preparation 

activities.   

The design of Trench 13 was developed to facilitate construction of the landfill in five Phases, 

with the easternmost portion of the Trench recommended as the initial Phase, and a progression of 

development from east to west.  If the easternmost portion of Trench 13 is constructed as the initial 

landfill Phase, construction staging likely will occur to the west of that Phase.  As such, a portion 

of the adjoining Phase at each stage of development will require excavation to facilitate 

construction and operational traffic routes “into” and “out of” the active Trench Phase. 

As shown on Drawings 003 and 0042, the removal and replacement of the surface soil stratum 

will encircle the Trench 13 perimeter (also called the Horizontal Control Limit or HCL) of the 

Trench 13 excavation.  In replacing this soil layer, wide compacted soil berms will be constructed 

along the boundaries of Trench 13.  A level northern berm will be constructed at an elevation of 

2772 feet NAVD and a level southern berm will be constructed at an elevation of 2768 feet NAVD.  

By making the HCL (i.e., modified natural ground surface) the same elevation on the north and 

south side of each Trench 13 Phase, the subsurface design elements of each of the five Phases are 

identical.  Northern and southern slope elevations, Trench floor elevations, and all aspects of 

LCRS/LDS liner and sump design details are identical with the exception of the eastern excavation 

slope of the first Phase (Phase 13A) and the western excavation slope of the final Phase (Phase 

13E).  This consistency in design is intended to facilitate Phase construction, including excavation 

and LCRS/LDS construction. 

                                                 
2 In this report, all Trench 13 Design Drawings are included in Appendix 1.  
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4.2 LOW-COHESION SOIL REMOVAL AND REPLACEMENT 

Removal and replacement of a loose, low-cohesion surface soil stratum must be completed prior 

to excavation at depths below this upper layer.  The estimated extent of the surface soil removal 

and replacement is shown on Drawings 003 and 004. 

Trench 13 includes excavated sidewalls at a 0.5H: 1 V slope extending to a maximum depth of 

approximately 75 feet (vertical) below ground surface.  Based on the Geotechnical Investigation/or 

Trench 12 at the US Ecology Hazardous Waste Management Facility, Beatty, Nevada (Grant 

Environmental 1994) and a subsurface exploration conducted specifically for Trench 13 

(Appendix 5), an uppermost native soil layer (i.e., the surface soil stratum) is considered to be 

low-cohesion or cohesionless (i.e., loose and non-cemented) and, as such, unstable at the planned 

excavated slope.  Based on information provided from previous investigations and soil borings at 

the USEN Facility, this upper soil layer is estimated to extend from the natural ground surface to 

between five and 10 feet in depth.  Natural geologic materials (i.e., primarily cemented and non-

cemented dense sands and gravels) that will be present in the excavated 0.5H:1V side slopes at 

depths below this surface soil stratum (i.e., below the upper five to 10 feet of excavation) are 

considered to be stable at the planned slopes.  This stability has been clearly demonstrated by the 

performance of Trench 11 and 12 slopes. 

Slope stability calculations included in Appendix 2 of this Design Report conclude that the surface 

soil stratum, when removed and replaced with compacted native soil, can to achieve a cohesion 

value of 300 pounds (or more) per square foot (PSF) and will be stable at the 0.5H:1V slopes.   

4.3 EXCAVATION 

The excavation plan and horizontal limits of grading for Trench 13, corresponding with the 

Horizontal Control Line, are provided in Drawings 003 and 004.  The excavation slope stability 

is discussed in Section 4.9.  Key excavation plan design features are discussed in the paragraphs 

that follow. 

The maximum depth of waste disposal (i.e., the base of the LCRS/LDS sump) is approximately 

75 feet below the original ground surface.  The maximum excavation depth points are located at 
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the bottom of each of the five Leachate Detection System (LDS) sumps.  As noted above, the 

elevations and geometric layout of all five sumps are identical. 

The maximum excavation depth conforms to the requirements of the USEN land use agreement 

with the State of Nevada.  The maximum excavation depth is also well above the ground water 

table, which is located approximately 300 feet below the original ground surface (or greater than 

200 feet below the bottom of LDS sumps in Trench 13).   

The lateral limits are determined from constraints on the lateral extent of waste placement, which 

are defined in the USEN land use agreement with the State of Nevada. 

Sidewalls are designed with 0.5H:1V slopes.  Based on experience with Trench 12, the constant–

radius curves of sidewalls at Trench 12 corners and other necessary HCL bends were difficult to 

construct and added complexity to geosynthetic liner system panel layout and seaming.  In an 

effort to simplify these aspects of sidewall construction, Trench 13 has been designed with square 

corners at the intersection of adjoining 0.5H:1V slopes. 

Trench floor grading is controlled by the elevation of the five LDS sumps and Trench floor slopes 

that are fixed at 2.0 percent along each Trench Phase centerline.  The design of the LCRS/LDS 

liquid collection system is depicted in Drawings 005 and 006, and includes Trench floor slopes of 

2.8 percent that direct liquid flow to each Phase centerline.  Floor slopes facilitate leachate drainage 

into each of the five sumps.  As noted above, all five Phases have identical floor geometries and 

elevations, and LDS and LCRS sumps. 

Grades shown on Drawings 005 and 006 are those for the top of the subgrade which also 

corresponds approximately to the top of the liner (excluding the operations layer which will overlie 

the liner system). 

Excavation spoil materials will be used (such as for surface soil stratum replacement, Trench floor 

compacted subgrade, north and south leveling berms, other soil features directing surface-water 

flow, and interim and final covers for completed landfill phases) or stockpiled in appropriate 

locations, as designated by USEN. 
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4.4 TRENCH FLOOR SUB GRADE PREPARATION 

A 9-inch thick layer of compacted fine-grained soil (i.e., prepared subgrade) will be placed across 

the excavated subgrade of the entire Trench floor (all Phases), except in sump areas described in 

Section 4.5.  The elevation of the top of the 9-inch prepared subgrade is shown on Drawings 005 

and 006 (thickness of floor liner components is not considered).  The purpose of this 9-inch 

prepared soil layer is to provide: (1) a hydraulic conductivity of 1 x 10-5 centimeters per second 

(cm/sec); (2) a smooth bearing surface for the remaining geosynthetic components of the liner 

system; and (3) leachate adsorption capacity to supplement that of the geosynthetic clay liner 

(GCL) component. 

Natural soil material excavated from Trench 13 will be used to construct the 9-inch prepared 

subgrade layer.  The material will be screened to achieve a gradation per the specifications in 

Appendix 3 and Table 4-2.  Subgrade placement and quality control criteria are presented in 

Appendix 3. 

4.5 LEACHATE COLLECTION AND LEAK DETECTION SUMP SUBGRADE 

The leachate collection and leak detection sumps will be underlain by 36-inches of screened 

prepared subgrade soil material (graded and compacted per specifications in Appendix 3 and 

Table 4-2.  The prepared subgrade is amended with Portland cement within the vicinity of the 

LDS sump and along the sump sidewalls to improve field grading capability.  The purposes of this 

36-inch prepared soil subgrade layer is to provide: (1) a smooth bearing surface for the sump 

components; and (2) leachate adsorption capacity to supplement that of the GCL component in an 

area expected to have fluid head buildup.  As further discussed in Section 5.3, the subgrade 

materials located in the vicinity of the sumps are amended with Portland cement for the purpose 

of improving constructability of the LDS, thereby facilitating the ability to construct the unique 

geometry required within these locations. 

4.6 SUMP SIDEWALL PREPARATION (SUMP SIDEWALL BERM) 

At the base of the sidewalls, and within the boundaries of the sumps, three feet of prepared 

subgrade will be applied to the sidewalls to provide: (1) a smooth bearing surface for the sump 

components; and (2) leachate adsorption capacity to supplement that of the GCL component in an 
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area expected to have fluid head buildup.  The sidewall prepared soil materials will be amended 

with Portland cement to improve field grading. 

4.7 TRENCH SIDEWALL SUBGRADE PREPARATION 

The subgrade forming Trench sidewalls will be excavated to provide the desired final slope (i.e., 

0.5H:1.0V).  The final sidewall surface might include angular or irregular surfaces that require 

additional attention to prevent stress concentrations that could locally compromise the 

performance of the liner system.  Where measures to fill or cover such surface irregularities are 

judged to be necessary, these measures will include one or more of the following:  covering or 

masking the irregularity with additional geotextile or geocomposite panels, or filling the 

irregularity with gunite/shotcrete materials.  Such masking/cushioning will be done before 

placement of the lowest component of the liner systems (i.e., the GCL layer).  The extent and 

degree of irregularity masking materials will be determined by the CQA Engineer.  Masking 

materials are not considered integral components of the LCRS/LDS liner system.  These 

masking/cushioning sub-liner geosynthetic panels will extend from the anchor trench, where they 

will be beneath the GCL liner layer, down the sidewall to positions at least five-feet vertically 

below the identified sidewall irregularities.  Sufficient masking/cushioning material panels will be 

used to cover the full horizontal dimension of the irregularity.   

4.8 SLOPE RISER RECESSES 

Recesses (i.e., shallow linear slots) will be cut into Trench sidewalls to hold the LDS riser pipes 

which extend up the sidewalls from each of the five LDS sumps (see Section 6.2.1) as shown on 

Drawing 010.  The recesses allow the primary (LCRS) liner system to be installed flush with the 

sidewall above the secondary (LDS) liner system at these locations.  These recesses will be cut by 

an appropriate excavator as Trench excavation proceeds.  Gunite (or similar material) will be used 

as necessary to anchor the LDS riser into place and create a suitable Trench sidewall surface over 

which to place the primary (LCRS) liner system.  Details regarding construction of the liner system 

and placement of the riser pipes are provided in Sections 5.2.2 and 6.2.1, respectively. 
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4.9 STABILITY ANALYSES 

The Trench 13 design utilizes below-grade excavation configuration that is identical in most 

respects to that used (and approved by NDEP) for Trench 12.  The computer modeling program 

WinSTABL Version 3.00 (2002) using the Modified Bishop Method of analysis, was used to 

assess slope stability.  This approach is consistent with the approach used, and approved by NDEP, 

for Trench 12.  The model accepts as input the material properties (principally unit weight, 

cohesive strength, and angle of internal friction) and a set of coordinates defining the position of 

the materials in typical Trench 13 cross-sections.  The properties of subsurface materials 

considered in these calculations, including layer thicknesses and strength properties, are consistent 

with site-specific laboratory testing results, technical literature, and assumptions made for previous 

slope stability calculations for the USEN Facility. 

Stability analyses were run for several example conditions, representing worst case scenarios and 

are included in Appendix 2.  Factors of safety for failure surfaces at each distinct soil layer within 

the slope walls were determined.  The excavated slopes were evaluated under static loading 

conditions and under seismic loading conditions.   

To be acceptable, the factors of safety against slope failure under static loading and seismic (i.e., 

pseudo-static) loading conditions should equal or exceed 1.5 and 1.0, respectively.  The pseudo-

static loading condition considered was 0.42 g, which simulated the maximum horizontal 

acceleration value with a 90 percent or greater probability of not being exceeded in 250 years (as 

required by Nevada Administrative Code (NAC) 444.6793).  The source of these safety factor 

criteria are previous Trench 11 and Trench 12 slope stability calculations approved by NDEP, 

RCRA regulations/guidance based on Federal and Nevada requirements for municipal solid waste 

landfills (40 CFR 258.14), and NDEP Trench 12 direction (provided on December 17, 1996).  

Safety factor criteria from USEPA and other guidance also were considered. 

Maximum excavation depth and three corresponding combined thicknesses of recompacted 

surface soil and leveling fill berm, were considered under static and pseudo-static loading 

conditions. 

a. 16-feet thick recompacted surface soil and leveling berm 
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b. 21-feet thick recompacted surface soil and leveling berm 

c. 26-feet thick recompacted surface soil and leveling berm 

d. 26-feet thick recompacted surface soil and leveling berm, with increased cohesion 

In addition, subsequent to completion of the Subsurface Exploration and Testing Report for Trench 

13 (Appendix 5), the excavation slope stability calculations were amended to include surface soil 

replacement scenarios with 10 feet of replaced low-cohesion soil and 10 feet of leveling fill berm 

and compacted fill strength properties based on Trench 13 area soil materials. 

Varying the thickness of the combination of recompacted surface soil and leveling berm was 

considered because the actual thickness of the cohesionless surface soil layer to be replaced could 

vary along the Trench 13 perimeter.  If this soil layer is more than 15 feet thick, additional measures 

might likely be required to increase the cohesive strength in the recompacted soil layer.  A separate 

evaluation of a combined thickness of 26 feet thick was made and determined that the slope would 

be acceptably stable if localized measures, such as addition of Portland cement or other additive, 

are taken where thicker surface soil replacement is needed. 

The results of the initial and amended slope stability calculations for the various slope and material 

configurations are provided in Appendix 2 

Table 4-1  Excavation Slope Stability Evaluation 

Slope considered Minimum SF 
Static 

Minimum SF 
0.42 g Comment 

Initial Analyses    
a. 16-ft combined 2.01 1.18  
b. 21-ft combined 1.90 1.01  

c. 26-ft combined 1.68 0.90 SF<1.0, requires increased cohesion or 
decreased thickness 

d. 26-ft combined, 
increased cohesion -- 1.00 Cohesion in combined layer increased to 900 

PSF 
Amended Analyses    

a. 20-ft combined, shallow 
failure plane 2.49 1.30  

b. 20-ft combined, deeper 
failure plane 1.97 1.21  

Determination of locations, if any, where special measures are required to increase the strength of 

the surface soil replacement layer will be a construction-period determination.  Such determination 
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will be made by the USEN representative providing construction observation.  Documentation of 

soil improvement steps taken by the Trench construction contractor will be made by the USEN 

representative and confirmed by the Professional Engineer certifying Trench construction. 

4.10 CONSTRUCTION AND OPERATIONS CONSIDERATIONS 

The design of Trench 13 was developed to facilitate construction of the landfill in five major 

Phases.  Each Phase will have its own LCRS/LDS sump as shown on Drawings 005 and 006.  The 

easternmost portion of the Trench is expected to be the first constructed (Phase 13A), followed by 

construction phasing progressing to the west with Phases 13B through 13E.  Construction of the 

Trench in Phases is practical in that it allows landfill capacity to best match disposal demand.  

Additional Phase and Trench capacity information is provided in Section 1.4 

Construction and operations access to Phase 13A will be provided by an access route cut through 

Phase 13B.  After construction of Phase 13A is completed, and as it approaches ultimate waste fill 

height, access to Phase 13A and subsequent Phases for waste disposal operations can be provided 

across waste, first across Phase 13A and later across waste in other Phases.  Construction access 

to later Phases (except Phase 13E) can be provided by excavated access routes.  In this manner, 

future Phase construction roads and waste operations routes can remain separate. 

It is not expected that all of Trench 13 will be constructed as a non-phased effort; therefore, no 

evaluation of this possibility is provided in this Design Report. 

Below-grade filling will occur in an appropriate fashion to maintain Trench stability and manage 

precipitation.  Below-grade waste fill slopes at the edges of Phase lines (e.g., 13A/13B; 13B/13C; 

etc.) will be established at a maximum 2H:IV.  Above-grade filling is discussed in Section 7. 

The final Phase of Trench 13 below-grade construction, Phase E, will require the abandonment of 

monitoring well MW-327.  This well extends below the base of Trench 13.  To prevent future 

issues with the foundation of Trench 13, the monitoring well will be abandoned with a neat cement 

grout backfill in accordance with requirements included in the Construction Quality Assurance 

Plan included in Appendix 3.   
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Table 4-2  Subgrade Construction-Observation and Material Specifications 

Inspection Task Inspection/Test Method Reference Sample/Test Quantity/Frequency 

Observation/Sample Locations 

Excavation 
Soil 

Stockpile Fill Area 
FIELD INSPECTION OF SOIL EXCAVATION AND PLACEMENT OPERATIONS 

General project 
observations 

Visual observations, plus basic 
measurements and recordkeeping 

Continuous observation, during trench 
construction (excavation, soil screening and 
amendment and soil placement)  

Yes Yes Yes 

Trench feature layout Observation of survey staking Continuous observation, during excavation Yes NA Yes 

Soil material observation Observation of excavated and imported 
soil material Continuous observation, during construction Yes Yes Yes 

SOIL TESTS TO BE DONE DURING TRENCH CONSTRUCTION 
Particle-size analysis ASTM C 136 3 tests per material type, reconfirmed as needed Yes Yes Yes 

Moisture/density curve ASTM D1557, Modified proctor 
moisture-density relation 3 tests per material type, reconfirmed as needed Yes Yes Yes 

Lift thickness Observation/measurement before and 
during compaction  Random locations NA No Yes 

In-place density and 
moisture content 

ASTM D6938 (or approved alternative 
method) As specified No No Yes 
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Inspection Task 
Inspection/Test 

Method Reference Sample/Test Quantity/Frequency 

Sample Location 

Acceptance Criteria 
Source/ 

Stockpile Fill Area 
SURFACE SOIL LAYER REPLACEMENT 
Direct shear strength of compacted 
fill ASTM D30803 3 tests per material type, 

reconfirmed as needed Yes No cohesion ≥ 300 PSF 

Particle-size analysis ASTM C 422 3 tests per material type, 
reconfirmed as needed Yes No 

95% <3.0” sieve 
between 5% and 20% passing 

#200 sieve 

Moisture/density relation ASTM D1557 3 tests per material type, 
reconfirmed as needed Yes No NA 

In-place density ASTM D6938 (after 
compaction) 

1 per lift minimum, or 1 per 2,000 
yd3 (placed), or as specified No Yes 95% MDD (min) by ASTM 

D 1557 

Moisture content ASTM D6938 (after 
compaction) 

1 per lift minimum, or 1 per 2,000 
yd3 (placed), or as specified No Yes OMC to OMC +2% 

TRENCH FLOOR AND SUMP SUBGRADE 
Hydraulic conductivity of 
compacted subgrade ASTM D5084 3 tests per material type, 

reconfirmed as needed Yes No ≤1 x 10-5 cm/sec 

Particle-size analysis ASTM D422 3 tests per material type, 
reconfirmed as needed Yes No ≤10% >1.0” 

≥10% pass #200 sieve 

Moisture/density relation 

ASTM D1557, 
Modified proctor 
moisture-density 
relation 

3 tests per material type, 
reconfirmed as needed Yes No NA 

Hydraulic conductivity (K) of 
constructed subgrade, trench and 
sump bottom 

ASTM D5084 
(remolded sample) 

1 test for every 40,000 square feet 
of constructed bottom and sump 
subgrade (200-ft grid and at least 
one test in each sump), remold to 
density target (±2 PCF) and 
moisture target (±1%).  Each 
sample will be of the full thickness 
of floor subgrade or a 12 inch lift of 
sump subgrade. 

No Yes K ≤1 x 10-5 cm/sec 

                                                 
3 ASTM D3080 run at normal stresses of 0.5, 1.0, and 2.0 KSF for specimens remolded at 95% MDD (min) and OMC±2%. 
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Inspection Task 
Inspection/Test 

Method Reference Sample/Test Quantity/Frequency 

Sample Location 

Acceptance Criteria 
Source/ 

Stockpile Fill Area 

In-place density and moisture 
content, trench floor 

ASTM D1557 (after 
compaction) 

one test per each one test for every 
10,000 square feet of subgrade 
placed (placed) 

No Yes 95% MDD 
OMC to OMC +2% 

Thickness, after compaction, trench 
floor 

Measurement after 
compaction  

The vertical control criterion for 
survey accuracy should be at least 
0.1 feet, and comparison of actual 
and design grade should done on a 
50-feet grid.  All locations verified 
to include 9 inches of subgrade 
materials 

NA Yes Thickness ≥ 9.0” 

In-place density and moisture 
content, sump bottom 

ASTM D6938 (after 
compaction) 

1 test per lift, not less than 3 tests 
per sump No Yes 95% MDD 

OMC to OMC +2% 

Lift thickness, sump bottom Measurement after 
compaction  

Maximum lift thickness of 12 
inches and not less than 3 
measurements per lift in each sump.  
For final sump thickness 
confirmation, the vertical control 
criterion for survey accuracy should 
be at least 0.1 feet, and comparison 
of actual and design grade should 
be done on a 10-feet grid.  All 
locations verified to include 36-
inches of subgrade material 

NA Yes 
Total compacted lift 

thickness at same location 
≥36.0” 

SUMP AND LCRS DRAIN ROCK AND PIPING BEDDING 

Hydraulic conductivity of gravel ASTM D 2434 3 tests per material type, 
reconfirmed as needed Yes No Minimum hydraulic 

conductivity = 1 cm/sec 

Particle-size analysis ASTM C136 3 tests per material type, 
reconfirmed as needed Yes No 

100% <2.0” sieve 
90%<1-1/2” sieve 
≥85% >3/4” sieve 

≤5% passing #4 sieve 
MDD = Standard Proctor (ASTM D1557) maximum dry density. 
OMC = Standard Proctor (ASTM D1557) optimum moisture content 
TBD = to be determined by soil testing laboratory 
PSF = pounds per square foot 
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5. LINER SYSTEM DESIGN AND PERFORMANCE  

5.1 GENERAL 

This section presents the results of calculations and design evaluations for the LCRS/LDS liner 

system.  Calculations related to the leachate flow capacities of the liner system drainage layers are 

described in Section 6. 

5.2 LINER SYSTEM COMPONENT DESCRIPTIONS AND RATIONALE 

5.2.1 Floor Liner System Components 

The cross-section of the floor liner system is shown in Detail 3 of Drawing 008, and includes the 

following components, listed sequentially from top to bottom: 

• 30-inch-thick operations layer; 

• 300-mil double-sided geocomposite LCRS drainage layer (locally includes 4.0-inch 

diameter perforated pipes and coarse drain rock); 

• 80-mil HDPE geomembrane liner (FML), textured on both sides; 

• 300-mil double-sided geocomposite LDS drainage layer; 

• 60-mil HDPE FML, textured on both sides; 

• Geosynthetic clay liner (GCL); and 

• 9-inch prepared subgrade.  

Operations layer:  The 30 inch-thick operations layer will be clean soil and/or select waste, with 

the purpose of protecting the underlying liner components from damage that might be caused by 

passage of heavy equipment or other operations activities.  The layer will not contain large or 

angular elements which could damage the underlying liner system.  The first 12 inches of material 

placed will be relatively small particle size material (e.g., sand and gravel not exceeding 1.0 inch 

particle size).  The overlying 18 inches of material can have larger particles (e.g., up to 6 inches in 

diameter) provided they are encompassed in a soil matrix.  No angular waste or drums are to be 

placed in this layer.  Additional specifications for this layer are provided in Appendix 3. 
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LCRS drainage layer:  The upper, 300-mil, double-sided geocomposite is the drainage layer of the 

LCRS.  The 4.0-inch diameter leachate collection pipes (and coarse drain rock) locally augment 

flow capacity to accommodate infiltration and movement of liquid from the 25-year, 24-hour storm 

event.  Details 12 and 13 of Drawing 010 shows the horizontal layout of these pipes and cross-

sections are provided as Details 10 and 11 of Drawing 010.  Supporting calculations evaluating 

the performance of this layer are found in Appendix 2.  The geocomposite drainage layer and 

pipes discharge into the LCRS sumps.  Further discussion of the LCRS sump and riser pipe is 

provided in Section 6.1. 

80-mil geomembrane:  The 80-mil HDPE FML is the low-permeability component of the primary 

(LCRS) liner system.  The selected thickness is intended to provide puncture resistance.  HDPE is 

selected for its demonstrated resistance to chemical degradation.  The 80-mil HDPE FML will be 

textured on both sides to provide additional interface strength. 

LDS drainage layer:  The lower, 300-mil, double-sided geocomposite is the drainage layer for the 

secondary (LDS) liner system.  Its function is to facilitate collection of leachate and drainage of 

leachate to the LDS sump for detection.  Supporting calculations evaluating the performance of 

this layer are found in Appendix 2.  Further discussion of the LDS sump and riser pipe is provided 

in Section 6.2. 

60-mil geomembrane:  The 60-mil HDPE FML is the upper low-permeability component of the 

secondary (LDS) liner system.  It is less thick than the primary FML as it is protected from possible 

puncture by other liner system components above and below.  Textured HDPE on both sides is 

selected for the reasons stated above for the primary FML. 

GCL:  The GCL is the lower low-permeability component of the secondary (LDS) liner system.  

It is selected because of the GCL's superior hydraulic barrier properties and suitability to an arid 

environment. 

Prepared subgrade:  The 9-inch prepared subgrade layer provides a smooth surface for installation 

of the geosynthetic materials.  This layer works in conjunction with the GCL to enhance its 

function as a hydraulic barrier and provide additional leachate adsorption. 
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5.2.2 Side Slope Liner System Components 

A cross-section of the LCRS/LDS liner system on the sidewall slopes of the Trench is shown in 

Detail 2 on Drawing 008, and includes the following components listed sequentially from top to 

bottom: 

• 30-inch operations layer (measured normal to sidewall and applied as waste fill is placed); 

• Sacrificial 40-mil HDPE FML, smooth  on both sides; 

• Non-woven geotextile filter fabric; 

• 200-mil geonet LCRS drainage layer; 

• 80-mil HDPE FML, smooth on the top side and textured on the bottom side; 

• 200-mil double-sided geocomposite LDS drainage layer; 

• 60-mil HDPE FML, textured on both sides; and 

• GCL (placed over subgrade). 

A 10-foot wide, 3-foot deep anchor trench is provided at the top of each slope as shown in Detail 1 

on Drawing 008.  Calculations supporting the configuration of the anchor trench are provided in 

Appendix 2.  Following completion of the sidewall liner system installation, approximately one 

foot of additional soil will be added above the anchor trench and sloped away from the Trench to 

provide additional liner ballast and surface-water run-off control. 

Operations layer:  The 30-inch operations layer functions as a protective layer, as stated in Section 

5.2.1.  Along the sidewalls, it will be placed incrementally as the waste fill is placed.  Since the 

slopes are steep (0.5H:1V) the operations layer should be incrementally advanced at a maximum 

height of five feet above the waste fill height. 

Sacrificial geomembrane:  The sacrificial 40-mil HDPE FML is specified to provide exposure 

protection (see Section 5.3) for underlying geosynthetic materials. 
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Other sidewall liner components:  The remaining components of the sidewall slope liner system 

and their functions are identical to their counterparts in the floor liner system (see Section 5.2.1), 

with the following further explanation. 

• Weak (i.e., low friction) interfaces are purposefully provided between the geonet and the 

non-textured surface of the 80-mil HDPE FML, and between the separate geotextile and 

the geonet of the primary liner system.  Allowing differential movement between these 

layers prevents settlement related loads from being transferred directly to the underlying 

low-permeability components of the primary and secondary liner systems. 

• Since it would be impractical to construct a compacted subgrade layer on the 0.5H:1V 

slopes, subgrade preparation on the sidewall consists of excavating to provide a relatively 

smooth surface without irregularities that might compromise the integrity of the liner 

system and special surface treatment where such irregularities are judged to be present, as 

discussed in Section 4.6.   

5.2.3 Trench Floor/Sidewall Transition Liner System Components 

The cross-section of the LCRS/LDS liner system at Trench floor/sidewall transition locations is 

depicted in Detail 4 of Drawing 008.  This detail shows how overlaps will be made for each 

drainage layer to assure hydraulic continuity of the LCRS and LDS components from the sidewall 

to·the floor of the landfill.  The overlap typically extends from three feet above the floor to three 

feet onto the Trench floor.   

5.3 MINIMUM TECHNOLOGICAL REQUIREMENT 

The precedence for utilizing a composite GCL bottom liner at the USEN Facility was established 

in connection with the design of Trench 12.  The regulatory accommodation for this alternative 

design is provided in 40 CFR 264.301(d), which states, in part: 

(d) The Regional Administrator may approve alternative design or operating practices to 
those specified in paragraph (c) of this section if the owner or operator demonstrates to 
the Regional Administrator that such design and operating practices, together with 
location characteristics: 
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(1) Will prevent the migration of any hazardous constituent into the ground water or 
surface water at least as effectively as the liners and leachate collection and removal 
systems specified in paragraph (c) of this section; 

Minimum Technological Requirement (MTR) equivalence calculations were submitted and 

reviewed through several communications, which occurred between 1996 and 2002.  In summary, 

the equivalency was evaluated based upon permeability, adsorption capacity (constituent 

breakthrough time), and puncture resistance.  Consideration was also given to the unique arid 

climate conditions at the Facility and the high probability that a prescriptive compacted clay liner 

would eventually desiccate and crack.   

Ultimately, it was demonstrated that the composite liner formed by the GCL and 9-inch prepared 

subgrade (K<1x10-5 cm/sec) layer provided equivalent protection against a potential 12-inch head 

of leachate.  In the sump locations, where the magnitude of the potential leachate head was 

considered to be greater, the thickness of the prepared subgrade layer was increased to 36 inches.  

The subgrade materials located within the sump area in the vicinity of the LDS sump are amended 

with cement, only for the purpose of improving constructability, thereby facilitating the ability to 

excavate the unique geometry required within these locations.  

The legacy MTR equivalence calculations and related commentary include the key documents in 

Table 5-1 and reference copies are provided in electronic format in Appendix 9. 
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Table 5-1  Legacy MTR Documentation 

Document Date Author Description 

1 1995-12-07 NDEP Letter Conceptual Design of Cell 12 

2 1996-03 TRC Report Cell 12 Design Report – Exhibit D – MTR Equivalence 

3 1996-04-04 TRC Letter MTR Equivalence Supplement 

4 1996-06-04 NDEP Letter Preliminary Review of MTR for Trench 12 

5 1996-07-09 USEN Letter Cell 12 Design 

6 1996-09-13 NDEP Letter Part B Renewal Application NOD Comments 

7 1996-10-18 TRC Letter Response to NOD Comments 

8 1996-11-04 NDEP Letter Part B Renewal Application – Additional Comments 

9 1996-12-17 HMA Letter Response to NOD Comments 

10 1997-01-17 HMA Letter Draft Response to Verbal Comments 

11 2002-02-14 AAT Letter Final Trench Design Documents 

12 2002-03-20 NDEP Letter Cell 12 Design – Concurrence of MTR Equivalency 

 

5.4 LINER SYSTEM EXPOSURE PROTECTION 

Exposure protection is necessary for the liner system components, both during construction as well 

as during Trench operations.  Exposure protection for geosynthetic materials during construction 

is included in the specifications included in Appendix 3. 

Geosynthetics on the Trench floor are expected to be covered by the operations layer within a 

reasonably short period of time (e.g., several weeks to a few months) after installation.  No further 

protective measures are required for those elements. 

The sidewall liner system incorporates a sacrificial 40-mil HDPE FML.  The sacrificial liner is 

installed over the slope liner during construction.  During waste placement 30-inches of operations 

layer is placed against the 40-mil HDPE FML prior to waste being filled against the slope.  The 

sacrificial liner protects the slope liner prior to filling and specifically eliminates UV exposure of 

the upper (primary) non-woven geotextile filter-fabric.  The sacrificial layer also prevents 

infiltration into the slope LCRS during direct precipitation, transferring management of direct 

precipitation to the floor liner components.   



US Ecology Nevada, Inc. Revision 0:  October 2015 
Landfill Engineering Report Revision 1:  March 2016 
Trench 13 

5-7 

A gridwork of ropes/cables and weights will be necessary to secure the slope lining system and 

prevent uplift from wind.  The sidewall weighting system will be specified by the liner or 

construction contractor, prior to liner installation.  To eliminate strain on slope liner components, 

the gridwork of ropes/cables and weights may be cut loose, at the operator’s discretion, once the 

waste placement reaches within 20 feet of the surface. 

5.5 FOUNDATION SETTLEMENT ANALYSIS 

Foundation settlement calculations for Trench 12 were done as part of the 1996 Design (TRC 

1996).  Those calculations showed that total settlement of the foundation from waste filling was 

expected to be negligible (e.g., about one inch).  In addition, differential settlement of the 

foundation also was negligible and would not adversely affect the liner or cell bottom slope.  The 

approach taken for the previous calculation remains applicable and is used to estimate Trench 13 

foundation (cell floor) settlement.  By this means of calculation, total Trench 13 foundation 

settlement is estimated to be less than 2.0 inches (evaluated in a settlement calculation included in 

Appendix 2). 

5.6 LINER SYSTEM STRESSES 

Provided in Appendix 2 are evaluations of tension and elongation of the slope liner system; 

confirming that the liner system can withstand anticipated loading.  The evaluation includes 

consideration of loads on the slopes during installation and operations including the following: 

• Gravity elongation; 

• Thermal expansion; 

• Wind uplift; and 

• Seismic deformation. 

To evaluate the worst-case condition, the strains caused by each of the loading types indicated 

above are calculated and summed to determine the cumulative strain that could be experienced by 

each component.  Stresses then are determined from the moduli of the materials.  The calculated 

stresses then are compared to allowable stresses (e.g., ultimate strength reduced by appropriate 
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factors of safety) for each component.  Calculated stresses must be smaller than allowable stresses 

for each component of the system to be acceptable. 

Evaluations presented in Appendix 2 indicate that calculated stresses in the selected components 

do not exceed the allowable stresses for those layers.  The calculated strains caused by gravity 

elongation, thermal expansion, seismic deformations result in small stresses in comparison to 

allowable values.  Stress generated by wind uplift are negligible since an anchor system will be 

used to hold down the slope liner system and no liner components are subject to wind stresses after 

waste placement.  The largest strain (and corresponding stress) results from settlement.  However, 

since a weak interface above the 80-mil HDPE FML layer is used, the effects of settlement are 

isolated to the geonet and geotextile layers of the LCRS. 
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6. LEACHATE HANDLING  

6.1 LEACHATE COLLECTION AND REMOVAL SYSTEM SUMPS 

6.1.1 Design Elements 

The LCRS is associated with the primary liner system.  The function of the LCRS is to intercept 

leachate draining through the waste and to discharge it into the sumps for removal from the landfill.  

The typical sump configuration is shown in Drawing 009.  A grade break between 2 percent 

(centerline) and 2.8 percent (floor) to the 7 to 10 percent sump floor slopes occurs at the sump 

perimeter.  The LCRS sump is 4.0 feet deep.  Liquid is removed from the sump through a riser that 

is shown in Sections A and B on Drawing 009.  The components of the LCRS sump are sized to 

accommodate the anticipated leachate flows while maintaining fluid head above the primary liner 

at or below 1.0 foot.  Design flows, capacity, and pump sizing calculations for the LCRS sump are 

provided in Appendix 2.   

Routine operations will require that the primary pump be capable of maintaining accumulated 

leachate within the limits of the sump (i.e., preventing leachate accumulation of more than 1.0 feet 

on the liner Floor or in the Sump).  Although only needed under design storm conditions and when 

a new Phase is under initial operations, a secondary pump, capable of providing 114 feet of 

dynamic head at a rate of 23 gallons per minute, will be installed in the active Phase of Trench 13. 

Components used in the Trench 13 LCRS sumps are shown on the typical sump layout, Detail 6 

on Drawing 010 and Sections A and B on Drawing 009.  The components include the following.  

• Geocomposite (300-mil double-sided, or equivalent):  This is the principal LCRS drainage 

component (at Trench floor locations, see Section 5.2.1) that discharges directly to the 

drain rock at the edge of the sump. 

• 10-ounce LCRS filter geotextile:  This geotextile is used to separate the operations layer 

from the drain rock (described below).  It is used over the entire sump area within the sump 

perimeter. 
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• 4.0-inch inside diameter perforated HDPE pipes:  These pipes are secondary flow 

components that assist the LCRS in handling the maximum anticipated flow resulting from 

a 25-year, 24-hour storm event (see Section 5.2.1).  The pipes discharge directly to the 

LCRS sump. 

• Drain rock:  This is a clean gravel conforming to the gradation included in the 

specifications included in Appendix 3 and Table 4-2.  The LCRS gravel fills the entire 

sump to the grade break. 

• 16-ounce LCRS cushion geotextile:  This is a nonwoven geotextile used to provide 

additional puncture protection to the liner system within the sump perimeter. 

The LCRS riser system will include two identical risers, including a primary collection pipe and a 

redundant, secondary riser.  Components of the LCRS riser system are shown on Details 5, 6, 8, 

and 9 of Drawing 010 and Sections A and B of Drawing 009 and include the following (starting 

at the sump). 

• Slip joint:  Settlement of the riser system is accommodated by a slip joint which is intended 

not to transfer stress to the liner system.  The slip joint is a 12-inch diameter SDR 11 HDPE 

pipe that is extrusion-welded to a 1.0-inch thick, 20-inch square HDPE flatstock base.  The 

pipe is perforated with 1/2-inch diameter holes 60 degrees apart on 3-inch centers (24 holes 

per foot).  A 16-ounce geotextile cushion sheet is placed between the liner system and the 

slip joint base.  The slip joint extends a minimum of 6.0 inches into a riser support 

(discussed below).  The lip of the slip joint pipe in the riser support will be built up, such 

as with HDPE flatstock (or other alternative), and then chamfered to provide a smooth 

transition for a pump to be lowered into the sump. 

• Riser pipe support:  The riser pipe support consists of a concrete foundation block which 

transfers the pipe and potential down-drag loads to the LCRS gravel, thus preventing stress 

concentrations on the liner system.  The riser pipe support is intended to be a cast-in-place 

unit built of 4,000 psi concrete, using Type V sulfate-resistant cement.  A 14-inch diameter, 

Schedule 60, Type 316 stainless steel pipe extending at least 3.0-inches from the concrete 

will be cast in the concrete.  The riser pipe will include a 20-inch O.D. by 14-inch I.D. by 
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0.5-inch thick type 316 stainless steel bearing plate.  The bearing plate will include twelve 

1.0-inch diameter by 6-inch long expansion type anchor bolts (or approved alternative) 

extending into the concrete foundation block.  The riser pipe support will be positioned in 

the field such that the slip joint, support, and LCRS long radius bend (described below) are 

correctly aligned. 

• LCRS reducer:  The riser pipe support will be welded to a 14-inch by 12-inch stainless 

steel reducer.  The riser pipe support will be welded to the 14-inch side.  The 12-inch side 

of the reducer will be welded to a twelve-bolt stainless steel flange. 

• LCRS long radius bend:  This is a prefabricated bend that provides the 3.5 feet of deflection 

required to position the LCRS riser pipe in the center of the riser pipe support.  The piece 

is 20-feet long and fabricated of 12-inch diameter, Schedule 40, stainless steel.  

Manufacture of the necessary sweeping bend must not compromise the strength of the 

stainless steel.  The bottom of the LCRS long radius bend will be welded to a twelve bolt 

stainless steel flange.   

• LCRS riser pipe:  This is a 12-inch diameter, Schedule 40 stainless steel pipe butt-welded 

to the LCRS long radius bend.  ` 

• Riser pipe slip cover:  The function of this component is to minimize the transfer of friction 

and down-drag loads on the riser pipe caused by settlement of waste.  The riser pipe slip 

cover will be fabricated from a 12-inch diameter corrugated polyethylene pipe that has 

been split longitudinally and placed over the riser.  It is not necessary to join the individual 

pieces of the slip cover. 

• Top of slope anchor:  This is a concrete block with an adjustable U-bolt that is cast on-site, 

but not in-place.  This component provides lateral restraint for the riser pipe while allowing 

vertical movement to accommodate settlement.   

6.1.2 Maximum LCRS Flow 

The design storm for this Facility is the 25-year, 24-hour event which yields 2.26 inches of 

precipitation at the USEN site (see Appendix 2).  The critical operational time for the LCRS is 

after the 30-inch operations layer has been placed and before waste filling operations begin.  At 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Landfill Engineering Report Revision 1:  March 2016 
Trench 13 

6-4 

that point, because there is some waste in the Trench (i.e., the operations layer), any collected 

precipitation is considered to be leachate (rather than surface water).  At the same time, the small 

amount of waste present provides only a minimal amount of additional sorptive capacity and the 

potential for precipitation infiltration to the LCRS is greatest.  This condition results in the largest 

potential infiltration into the LCRS. 

The calculations in Appendix 2 determine the rate and volume of precipitation infiltration.  For 

the largest Phases of the landfill (Phases 13A and 13E), it is estimated that 1.86 acre-feet of water 

will infiltrate to be collected by the LCRS as a result of 25 year-24 hour precipitation event.  As 

described in the LCRS infiltration calculation (Appendix 2), the presence of the sacrificial liner 

on the east wall of Phase 13A and the west wall of Phase 13E cause those slopes to contribute 

infiltration to the LCRS, differentiating those Phases from other Phases that do not have long north-

south sidewalls.   

The infiltrated precipitation will be handled by the LCRS.  The calculations conservatively assume 

that the 30-inch thick operations layer will contain sufficient moisture to be at field capacity, which 

means that any addition of moisture will cause gravity drainage. 

However, since the design quantity of infiltration fills only 65 percent of the estimated available 

pore space in the operations layer, drainage is controlled by unsaturated flow.  Based on the 

calculations, the maximum drainage rate results in a flow of 23 gpm to the sump for Phases 13A 

and 13E.  A pump, such as the EPG Series 5 SurePump®, which has dimensions required for use 

in the LCRS sumps, will be used to provide sufficient capacity to meet these specifications. 

6.2 LEACHATE DETECTION SYSTEM SUMPS 

6.2.1 Design Elements 

The LDS is associated with the secondary liner system.  The functions of the LDS is to detect and 

remove liquid that passes through the primary liner system.  The system is designed to 

accommodate flow up to the Action Leakage Rate (ALR, defined in Section 6.2.2), while fluid 

head above the secondary liner remains at or below 1.0 foot.  Design flow, capacity and pump 

sizing calculations for the LDS sumps are provided in Appendix 2.  A pump capable of extracting 

approximately 1.0 gpm at 114 feet of dynamic head is recommended for the LDS. 
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Components used in the Trench 13 LDS sumps are shown in the typical sump layout on Sections 

A and B on Drawing 009, and Detail 007 on Drawing 010.  The components include: 

• Geocomposite (300-mil double-sided, or equivalent):  This is the principal LDS drainage 

component (at the Trench floor locations, see Section 5.2.1) that discharges to the LDS 

sump.  In the vicinity of the sumps 

• Upper 16-ounce LDS cushion geotextile:  This is a non-woven geotextile used to provide 

additional puncture protection to the liner system within the sump perimeter. 

• Drain rock:  A clean gravel conforming to the gradation included in the specifications 

(Appendix 3).  The LDS gravel fills only the 18-inch deep sump area. 

• LDS end caps, tee, collection pipes and elbow:  These pieces are all 12-inch diameter SDR 

11 HDPE that is perforated to collect flow into the LDS sump.  The collection pipe is 

welded to a 1.0-inch thick by 12 inch wide piece of HDPE flatstock. 

• Lower 16-ounce LDS cushion geotextile:  This is a non-woven geotextile that provides 

puncture protection to the secondary liner system in the 18-inch deep portion of the sump. 

Components of the LDS riser system are shown on Details 7, 8, and 9 of Drawing 010 and include 

the following (starting at the sump): 

• LDS riser:  A 12-inch diameter SDR 11 HDPE pipe used for pump access. 

• LDS riser recess and backfill:  The LDS Riser (described above) is placed in a 24-inch 

wide by 18-inch deep recess cut into the sidewall during excavation.  Backfill consists of 

sprayed concrete or gunite. 

• Top of slope anchor:  See the LCRS Top of Slope Anchor description in Section 6.1.1 

above since the units are identical. 

6.2.2 Action Leakage Rate 

As described in 40 CFR § 264.302(a), the ALR is " ... the maximum design flow rate the LDS can 

remove without the fluid head on the floor liner exceeding 1 foot."  The ALR for each of the five 

sumps was determined by:  (1) assuming a nominal design flow value; (2) determining a 
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configuration of the LDS components that could satisfy the design flow; and (3) calculating the 

actual ALR resulting from that configuration. 

Drainage into the LDS sumps is controlled by the flow rate of the LDS geocomposite and the 

minimum effective flow width of the LDS sumps.   

Calculations of the LDS flow rates and the establishment of an ALR is provided in Appendix 2.  

The resulting ALR for each of the sumps is shown below in Table 6-1. 

Table 6-1  Action Leakage Rates 

Phase Phase Area 
(acres) 

ALR 
(gpad) 

13A 9.88 150 
13B 9.16 150 
13C 9.16 150 
13D 9.16 150 
13E 9.88 150 

gpad = gallons per acre day 
 

6.3 RESPONSE ACTION PLAN 

The USEPA promulgated rules on January 29, 1992, requiring Response Action Plans (RAP) for 

new hazardous waste landfill units that commence construction after January 29, 1992, or which 

expand existing units after July 29, 1992 (57 FR 3462).  The prepared RAP included in 

Appendix 4 meets the requirements of 40 CFR §264.304 and identifies actions to be taken if an 

action leakage rate is exceeded. 
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7. ABOVE-GRADE DESIGN AND FINAL COVER PERFORMANCE 

7.1 WASTE PLACEMENT 

Waste placement above grade forms the slope configuration for Trench 13 as shown on 

Drawing 011.  From the HCL, waste will rise above grade at slopes of 2H:1V for approximately 

15 feet.  As shown on Drawing 018, a waste setback is to be maintained at the HCL.  The setback 

includes a vertical off-set into the trench of approximately 3.0 feet and a corresponding horizontal 

off-set.  In addition, an interim containment extension is specified, to maintain the waste off-set as 

waste placement progresses above grade.  At approximately 15 feet above grade the waste slope 

will transition to a slope of 3H:1V.  The waste will have a maximum elevation of 2857 ft NAVD88 

and the Trench configuration will include an upper deck that slopes at 20H:1V to the south. 

7.2 COVER DESIGN DESCRIPTION 

The first layer of the final cover (Interim Cover Soil Layer) will be placed over the disposed waste.  

The Final Cover Soil Layer will be placed over the interim cover soil layer as the Phases of 

Trench 13 are completed, as presented in Drawing 012.  As determined by USEN, the final cover 

soil layer might be placed over an area comprised of less than the surface area of a full Phase or 

over an area comprised of portions of more than one Phase.  The Interim Cover Soil Layer and the 

Final Cover Soil Layer constitute the alternative final cover (AFC) that was modeled, evaluated 

for use on Trenches 11 and 12 at USEN in the 2008 Design Basis and Construction Specifications 

for Trenches 11 and 12 Final Covers (AquAeTer 2008) and was given conditional approval by 

NDEP in Revision 3 to RCRA Permit NEVHW0019 (Permit)4.  Performance of the Trench 13 

alternate final cover will be evaluated with the installation and monitoring of a new drainage 

lysimeter at an appropriate location on the Trench 13 final cover, installed following the initial 

phase of final cover completion.  

Control of percolation into the closed Trench will be provided by constructing the cover with 

materials that combine to provide a final cover system that holds precipitation water that infiltrates 

                                                 
4 State of Nevada, Department of Conservation and Natural Resources, Division of Environmental Protection, Bureau 
of Waste Management.  Hazardous Waste Management RCRA Permit NEVHW0019.  Revision 3.  April 2009. 
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into the cover, and returns the majority of that water to the atmosphere through the combined 

processes of evaporation and plant transpiration.  These combined processes will reduce the water 

that could percolate into the disposed waste to an amount that, given the thickness and relative 

dryness of disposed waste, is unlikely to result in generation of significant leachate volumes.   

From bottom to top, the components of the arid region AFC are as follows. 

• Interim cover soil layer:  The first layer of the final cover is a lightly compacted native soil 

layer that provides waste containment during disposal operations and, in conjunction with 

the Final Cover Layer, retards the downward movement of infiltrating water by providing 

temporary water-storage, which allows stored water to be returned to the atmosphere by 

evaporation and plant transpiration.  This layer will be at least 12-inches (1.0 foot) thick 

and extend across the cover to the natural ground surface on all sides of the Trenches. 

• Final cover soil layer:  This upper layer is a lightly compacted soil layer that resists erosion 

and, in conjunction with the Interim Cover Layer, retards the downward movement of 

infiltrating water by providing temporary water-storage, and allowing stored water to be 

returned to the atmosphere by evaporation and plant transpiration.  This layer will vary in 

thickness to allow the cover to be shaped; however, the layer will be least 24-inches (2.0 

feet) thick.  This layer will extend across the cover to the natural ground surface on all sides 

of the Trenches. 

• Drainage Features:  The final cover design includes a series of lateral drainages and down-

drains (flumes) that shed precipitation that does not infiltrate.  The goal of the drainages is 

to collect sheet flow prior to development of concentrated flow.  On 3H:1V sideslopes, this 

is accomplished with lateral drainages at a maximum spacing of 100 feet, over waste.  On 

the 20V:1V upper deck this is accomplished with surface berms.  Down-drains are 

protected flumes that are designed to remove water, once concentrated by the lateral 

drainages and berms, without causing erosion.  

Trench closure will be considered complete when the final design slopes have been established on 

the Final Cover layer, as shown in Drawing 012.   
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7.2.1 Specification for Interim Cover Layer Soil 

Soil materials for the Trench 13 interim soil layer should contain no materials larger than 6.0 

inches5.  If materials greater than 6.0 inches are included in the interim soil layer, it might be 

necessary to increase the thickness of the interim cover layer or the final cover layer to meet the 

objectives of the cover system.  Suitable materials will be derived from direct excavation or 

stockpiles, non-hazardous soil materials, or from on-site screening of these materials.  Typically, 

this layer will be placed in a single lift.  Lift thickness will be measured and documented, but there 

is no compaction specification for this material, which will be placed as above-grade waste 

disposal proceeds. 

A low density is desirable for this layer of the final cover, as this is important to the moisture 

holding capacity and vegetation establishment properties of the soil.  Over-compaction could lead 

to reduced cover effectiveness and should be prevented. 

Confirmation of appropriate gradation and thickness of interim cover materials will be determined 

by routine observation during the placement of these materials.  Response to observation of overly 

coarse materials or insufficient layer thickness will be the placement of additional interim cover 

material and will be directed by USEN personnel responsible for such observations. 

A schedule of the interim cover layer placement inspection requirements is attached as Table 7-3. 

7.2.2 Specification for Final Cover Layer Soil 

The goal during Final Cover Layer placement is to achieve a low initial in-place density, typically 

not exceeding 85 percent maximum dry density (MDD) as determined by ASTM D 1557.  Specific 

testing will be done prior to placement of the Final Cover Layer as Phases are to be closed to 

determine MDD and optimum moisture content (OMC).  The lower density compaction 

requirement of the soil cover is important for the moisture holding capacity of the soil.  Over-

compaction during initial construction could lead to reduced moisture holding effectiveness and 

inhibit establishment of vegetation, and should be prevented.  Areas of the final cover layer that 

became overly compacted, such as from repeated vehicle or equipment passage, will be loosened 

                                                 
5  Materials of 6.0 inch and larger dimension might be judged acceptable in the interim cover by the design or quality 

assurance engineer, if ‘de minimis’ (or minimal) by visual observation and rarely, if ever, in grain-to-grain contact.   
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by shallow ripping.  Over time, material in the final cover will reach a density similar to those of 

native materials.   

The Final Cover Layer will consist of sand and gravel soils obtained from USEN stockpiles and 

from direct excavation.  Natural soil materials present in excavations, are relatively coarse grained, 

alluvial valley-fill sands and gravels, with variably abundant clay and silt-size particles, common 

cobble-size particles (i.e., particles larger than 3.0 inches in dimension), and rare boulders (i.e., 

particles larger than 12 inches in dimension).  Sand-size particles (i.e., particles between 0.003 and 

0.2 inches in dimension) and gravel-size particles (i.e., particles between 0.2 and 3.0 inches in 

dimension) comprise the vast majority of almost any sample of soil materials from the uppermost 

75 feet of the valley-fill deposits, and thus make up the majority of natural materials determined 

to be acceptable for final cover construction.  It is these materials, and particularly those ranging 

in the sand and silt grain sizes, that provide most of the moisture-holding capacity that is needed 

for the proper long-term functioning of a water-balance type landfill cover.  The coarser-grained 

components – gravels, cobbles, and even rare boulders – do not enhance the moisture holding 

capacity of the final cover, but do contribute to overall cover stability and capacity to resist erosion 

by wind and water.  Thus, when in proper proportions, all textural components of the final cover 

soils contribute to the long-term performance of the landfill cover. 

Soil materials for the final cover layer will contain only minimal materials larger than 6.0 inches, 

90 percent smaller than 1.0 inch, and not less than 5.0 percent passing the #200 sieve6.  In general, 

the 1.0-inch and less materials should contribute 90 percent or more to the necessary 24 inches of 

Final Cover Layer.  There is no requirement for the thickness of lifts placed, only that the layer 

have a minimal achievable density.  Coarse-grained materials, if present, should ‘float’ in a finer 

grained soil matrix and commonly not occur in grain-to-grain contact.  The presence of particles 

exceeding 6.0 inches in the final cover layer, do not affect the long-term moisture holding and 

moisture-releasing capacity of these soil layer so long as such materials continue to be minimal 

constituents (by weight) of the final cover layers and are rarely, if ever, in grain-to-grain contact.   

                                                 
6  Materials of 6.0 inch and larger dimension might be judged acceptable in the final cover layer by the design or 

quality assurance engineer, if ‘de minimis’ (or minimal) by visual observation and rarely, if ever, in grain-to-grain 
contact.   
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Confirmation of appropriate gradation of final cover materials, and acceptable physical separation 

of any overly coarse material, will be determined by routine observation during the placement of 

these materials.  Response to observation of overly coarse materials, or grouping of such materials 

in grain-to-grain contact, will be grading to redistribute overly coarse materials or the placement 

of additional cover material and will be directed by USEN personnel responsible for such 

observations. 

The lower density compaction requirement of the soil cover is important for the moisture holding 

capacity of the soil.  Over-compaction could lead to reduced effectiveness, and should be 

prevented.  Areas of the final cover layer that become overly compacted, such as could result from 

repeated vehicle or equipment passage, will be loosened by shallow ripping or disking. 

Verification of the achievement of low density will be determined by in-situ density tests 

performed at a minimum of one test per each one test for every 10,000 square feet of cover placed.  

In the event that density testing indicates that the target density is not achieved, the area within 

100 feet of the failing testing will be re-compacted and retested.  Confirmation of satisfactory 

compaction in a re-compacted area will be by done by three satisfactory density tests, at locations 

selected to represent the entire 100 by 100 feet area, passing the density specification.  

A schedule of the final cover layer placement inspection requirements is attached as Table 7-3. 

7.2.3 Specification for Cover Drainage Features 

The Trench 13 final cover system includes a series of drainage features designed to limit sheet 

flow to distances that prevent against rill and inter-rill erosion.  Runoff control from the final cover 

slopes, at closure, will be provided by the following features: 

• Lateral drainages integrated into the sideslopes of the final cover to limit the length of 

slopes exposed to sheet flow, as shown in Detail C on Drawing 019; 

• Upper deck berms used to limit the length of sideslopes exposed to sheet flow, as shown 

in Detail D on Drawing 019; 
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• Flumes spaced along the cover slopes to discharge upper deck and lateral drain run off to 

the perimeter of Trench 13, as shown in Detail E on Drawing 019; 

• Access road drainages to convey water off the sideslopes, as shown in Detail J on Drawing 

019; and 

• Perimeter ditches to convey flow from the flumes, bottom portions of the cover slopes, and 

immediately adjacent areas to the overall Facility drainage system. 

Lateral drains are located on Trench 13 sideslopes to limit slope erosion to less than two tons per 

acre-year7.  Calculation C.12 demonstrates that this requirement is satisfied with sideslope sheet 

flow runs limited to 100 feet.  Lateral drains include sufficient capacity to provide at least 1.0 foot 

of freeboard when considering the 100-year, 24-hour precipitation event.  Lateral drains are sloped 

at two percent and include a four foot wide outer ridge.  The maximum calculated lateral drain 

flow for the system is estimated at 0.84 cubic feet per second (cfs), as shown in Calculation C.12.  

Each sideslope lateral will include protective ditch armoring for erosion and scour protection. 

Upper deck berms are located on the Trench 13 20H:1V upper deck.  These berms have been 

included to limit rill and inter-rill erosion and to decrease sheet flow lengths.  The upper deck 

berms channelize and direct flow to the flumes for removal off of the Trench 13 final cover.  Upper 

deck drains include sufficient capacity to provide at least 1.0 foot of freeboard when considering 

the 100-year, 24-hour precipitation event.  Upper deck berms are sloped at one percent.  Each 

upper deck berm will include protective armoring for erosion and scour protection.   

The sideslope lateral drains and the upper deck berms discharge into flumes.  The flumes are four 

feet in width and include sufficient capacity to provide at least 1.0 foot of freeboard when 

considering the 100-year, 24 hour precipitation event.  Flumes on the upper deck are sloped at 

20H:1V.  Flumes on the sideslope primarily are sloped at 3H:1V, but include short sections at 

lesser slopes where sideslope laterals intersect.  The maximum calculated upper deck flume flow 

for the system is estimated at 3.2 cfs and the maximum calculated sideslope flume flow for the 

                                                 
7 USEPA.  Design and Construction of RCRA/CERCLA Final Covers, EPA/625/4-91/025.  1991 
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system is estimated at 5.0 cfs, as shown in Calculation C.12.  Each flume will include protective 

armoring for erosion and scour protection. 

Access road drainages channelize and direct flow from east and west sideslope areas for removal 

off of the Trench 13 final cover.  The drainages follow the road’s grade at five and 10 percent and, 

are back-graded into the sideslope at five percent.  The maximum calculated access drainage flow 

for the system is estimated at 1.5 cfs, as shown in Calculation C.12.  Each access road drainage 

will include protective ditch armoring for erosion and scour protection. 

Energy dissipation and scour protection will be provided at the bottom of flumes, where needed.  

A typical energy dissipation and splash wall design are included as Detail I on Drawing 019.   

Perimeter ditches are shown on Drawing 014, 015, and 016.  Perimeter ditches transport runoff to 

Facility drainages.  

7.3 EQUIPMENT TRAFFIC 

Cover soil placement using low-ground pressure equipment, such as wide-tracked dozers, is 

recommended and use of heavy wheeled equipment, that could cause linear surface depressions, 

is not recommended.  Over-compaction (i.e., exceeding the density specification for cover 

materials) could reduce the water-holding characteristics of the cover or the ability of the cover to 

establish and support vegetation.  Such over-compaction could be caused by repeated passage of 

heavy equipment over cover materials during or after placement (such as would result from 

repeated use of a haul route).  Such haul road will not be used, and equipment loads on the soil 

cover during construction will be limited to the normal equipment traffic associated with placing, 

spreading and compacting the cover soil.  Once the cover is completed in an area, vehicular traffic 

on the soil cover will be limited.  Also, construction materials and equipment will not be 

temporarily stored on the cover during or after construction.  Areas that become over-compacted 

because of equipment traffic will be loosened, such as by shallow disking or ripping. 

7.4 PROCEDURE FOR CONFIRMING LINE AND GRADE 

The AFC must be constructed with the minimal thicknesses of the Interim and Final Cover Layers 

to accomplish the goals of moisture retention and storage.  Since the Interim Cover Layer is applied 
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immediately following waste placement, it is not practical to maintain survey control of the Interim 

Cover thickness using pre and post survey methods.  Therefore, the site operator shall ensure that 

a minimum thickness of interim cover is installed.  The certifying engineer, responsible for closure 

certification, might require proof of appropriate Interim Cover placement.   

Prior to Final Cover placement, a detailed survey of the waste and Interim Cover grade should be 

completed.  The vertical control criterion for survey accuracy should be at least 0.25 feet, and 

comparison of actual and design grade should done on a 50-feet grid. 

Following installation of the Final Cover Layer, verification of the constructed dimensions (line 

and grade) will be completed.  A survey of the Final Cover, using the same vertical and horizontal 

criteria as above, will be compared to the survey of the upper surface of the Interim Cover.  The 

comparison will confirm that 90 percent of the points of measurement (i.e., on 50-ft grid) of total 

final cover thickness satisfy the minimum requirement of 2.0 feet and that there is no point of 

measurement where the total final cover thickness is more than 0.25 feet less than the design 

requirement of 2.0 feet. 

No point on the Trench 13 final cover will exceed a maximum elevation of 2,860 ft NAVD88. 

Changes to line and grade requirements will have the approval of the Project Engineer prior to 

implementation. 

7.5 FINAL COVER SLOPE STABILITY EVALUATION 

The “Trench 13 Design, Slope Stability” calculation series in Appendix 2, includes evaluation of 

the stability of the Trench 13 final cover.  These stability calculations were made in the same 

manner as those described for Trench 13 excavations (see Section 4.9) 

The following aspects of Trench 13 final cover configuration are considered in final cover stability 

calculations. 

• Above-grade and waste slopes:  3.0H:1.0V on steep slopes, 20H:1V on top deck slopes 

• Final cover thickness:  3.0 feet 

• Final cover maximum elevation:  2860 ft NAVD88. 
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• Combined thicknesses of surface soil replacement and leveling berm ranging from 16 to 
26 feet 

The properties of final cover materials and disposed waste considered in these calculations, 

including material strength properties, are consistent with site-specific laboratory testing results, 

technical literature, and assumptions made for previous slope stability calculations for the USEN 

Facility and are presented in Table 7-1. 

Table 7-1  Soil Properties used for Cover Stability Modeling 

Material 
Unit Weight 

(PCF) 
Cohesion 

(PSF) Basis for Values 

Final Cover soil 110 170 Laboratory testing determined cohesion 
value for 85% MDD 

Disposed Waste (shallow) 100 550 Previous calculation 
Disposed Waste (deep) 115 750 Assumption 

The following final cover failure possibilities were considered under static and pseudo-static 

loading (i.e., 0.42 g) conditions. 

a. Shallow failure – failure plane within final cover material 

b. Deep failure – failure plane within waste, penetrating leveling berm 

The results of the slope stability calculations for the various slope and material configurations are 

presented in Table 7-2. 

Table 7-2  Cover Slope Stability Evaluation 

Slope considered 
Minimum SF 

Static 
Minimum SF 

0.42 g 
a. Shallow failure 4.74 1.93 
b. Deep failure 2.50 1.02 

This calculation series shows that the final cover configuration for the Trench 13 Design is 

acceptably stable under static loading and pseudo-static loading conditions.  Slope failures 

involving cover and waste materials have factors of safety against failure that are greater than the 

design requirement (i.e., 1.5 or greater for static loading conditions, and 1.0 or greater for pseudo-

static or seismic loading conditions considering a maximum horizontal acceleration of 0.42g). 
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7.6 UPLIFT PRESSURES FROM WIND LOADS 

The design of the cover uses only natural soil components.  Uplift will not be a concern during or 

after cover construction. 

7.7 THERMAL EXPANSION AND CONTRACTION 

The design of the cover uses only natural soil components.  Thermal expansion and contraction 

will not be a concern during or after cover construction. 

7.8 POST-CLOSURE COVER SETTLEMENT 

Post-closure settlement of the landfill cover attributed to settlement within the soil cover, 

settlement (and degradation/consolidation) of the waste fill, and settlement of the foundation 

materials underlying the waste fill were addressed in the 1996 Design Report and supporting 

calculations.  These calculations are not repeated herein. 

7.9 PERFORMANCE MONITORING 

USEN operates an alternative cover performance monitoring system on Trench 11 that has been 

in place since December 2013.  The location of the Trench 11 performance monitoring system, on 

the north-facing slope of Trench 11 on a portion of the cell having a slope of 20H:1V, was chosen 

as representing the most likely location for cover infiltration.  The north-facing slope reduces direct 

sunlight and results in increased moisture retention and infiltration.  Furthermore, the 20H:1V 

slope results in low run-off and high moisture retention with increased infiltration.  Other locations 

considered on Trench 11 included east, south, and west oriented slopes and locations on 3H:1V 

slopes: All options were deemed less conservative.   

The Trench 13 design includes a 20H:1V slope; however it is south-facing slope and is likely to 

see less moisture retention.  Trench 13 also includes 3H:1V slopes, but these slopes are expected 

to see greater runoff and less moisture retention, by comparison to the 20H:1V slopes.   

As final cover soils are expected to be site-sourced materials that are a mix of silts, sands, and 

gravel, the materials are expected to be a homogenous mix and similar to those used for Trench 11.   
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Performance data to date from the Trench 11 monitoring system has shown minimal infiltration 

and no drainage from the monitoring system has been recorded, demonstrating that the alternative 

final cover has been effective in preventing infiltration into the waste layer. 

Recognizing that variability of cover materials and orientations can exist, USEN will evaluate 

conditions of the Trench 13 cover for a suitable location for a second Facility performance 

monitoring station.  The installation of the system will not occur until after closure of Phase A at 

Trench 13.  The location and design of the second Facility alternate final cover performance 

monitoring system will be submitted for Agency approval prior to construction. 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Landfill Engineering Report Revision 1:  March 2016 
Trench 13 

7-12 

Table 7-3  Final Cover Construction-Observation and Material Specifications 

Inspection Task Inspection/Test Method Reference Sample/Test Quantity/Frequency 

Observation/Sample Locations 

Source/ Stockpile Cover Area 
GENERAL REQUIREMENTS FOR FIELD INSPECTION OF FINAL COVER CONSTRUCTION 
General project 
observations 

Visual observations, plus basic 
measurements and recordkeeping 

Continuous observation, during final cover 
construction  Yes Yes 

Soil material observation Observation of cover soil material Continuous observation, during final cover 
construction Yes Yes 

SOIL TESTS TO BE DONE DURING FINAL COVER CONSTRUCTION 
Particle-size analysis ASTM C 136 3 tests per material type, reconfirmed as needed Yes Yes 

Moisture/density curve 
ASTM D1557, Modified proctor 
moisture-density relation (or approved 
alternative method) 

3 tests per material type, reconfirmed as needed Yes Yes 

In-place density and 
moisture content 

ASTM D6938 (or approved alternative 
method) As specified NA Yes 
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Inspection Task 
Inspection/Test Method 

Reference Sample/Test Quantity/Frequency 

Sample Location 

Acceptance Criteria 
Source/ 

Stockpile 
Cover 
Area 

INTERIM COVER LAYER 

Particle-size analysis ASTM D422 

3 tests per material type, reconfirm as 
needed, verify by visual observation.  
Materials >6.0 inch might be judged 
acceptable if ‘de minimis’ and rarely, if ever, 
in grain-to-grain contact. 

Yes NA 100% <6.0” 

Lift thickness, for 
interim cover layer 

Measurement after loose 
placement  Random measurements and observation NA Yes Total loose thickness ≥12.0” 

FINAL COVER LAYER 

Particle-size analysis ASTM D422 

3 tests per material type in stockpile, 
reconfirm as needed, verify maximum size 
criterion by visual observation at placement.  
Materials >6.0 inch might be judged 
acceptable if ‘de minimis’ and rarely, if ever, 
in grain-to-grain contact. 

Yes Yes 
100% ≤ 6.0” 
≤10% > 1.0” 

≥5% passing #200 sieve 

Moisture/density relation 
ASTM D1557, Modified 
proctor moisture-density 
relation 

3 tests per material type, reconfirmed as 
needed Yes NA NA 

Lift thickness, final 
cover layer 

Measurement before 
placement and after 
placement 

One measurement for each 50 ft by 50 ft grid 
area NA Yes Loose lift thickness > 24.0” 
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Inspection Task 
Inspection/Test Method 

Reference Sample/Test Quantity/Frequency 

Sample Location 

Acceptance Criteria 
Source/ 

Stockpile 
Cover 
Area 

In-place density and 
moisture content 

ASTM D1557 (after 
compaction) 

 one test for every 10,000 square feet of 
cover placed NA Yes 85% MDD (±3%) 

OMC minus 2% or less 
FINAL COVER DRAINAGE ARMORING 

Rock Particle Size Supplier certification 1 per source, reconfirm as needed, verify by 
visual observation Yes NA 

Without Grout 
D50 ≥ 2 in. (lateral drainages 

and upper deck berms) 
D50 ≥ 6 in. (access road 

drainages) 
D50 ≥ 12 in. (sideslope 

flumes) 
With Grout 

D50 ≥ 4 in. (sideslope flumes 
and access road drainages) 

Rock Specific Gravity ASTM C 127 1 per material type Yes NA S.G. > 2.5 g/cm3 

Rock Angularity Visual inspection Random measurements and observation Yes NA Angular to Sub-rounded 

Grout Compressive 
Strength ASTM C39 1 per application Yes NA Minimum 28-day compressive 

strength of ≥ 2,500 psi 

Grout Thickness Measurement after 
placement Random measurements and observation NA Yes Fill interstitial space 

FINAL COVER LINE AND GRADE 

Final Cover Thickness Survey (compare 
surfaces) 

The vertical control criterion for survey 
accuracy should be at least 0.25 feet.  
Compare measurements for each 50 ft by 50 
ft grid area 

NA Yes 

90 percent of points of 
measurement comparison 

≥2.0 ft, no point of 
measurement comparison 

<1.75 ft 

Maximum Elevation Survey 
The vertical control criterion for survey 
accuracy should be at least 0.25 feet.  One 
measurement for each 50 ft by 50 ft grid area 

NA Yes Maximum elevation of 2,860 ft 
NAVD88 

MDD = Standard Proctor (ASTM D1557) maximum dry density. 
OMC = Standard Proctor (ASTM D1557) optimum moisture content 
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8. RUN-ON/RUN-OFF CONTROL SYSTEMS AND FACILITY SURFACE-WATER 
MANAGEMENT 

8.1 GENERAL 

Surface-water management (SWM) systems for the USEN Facility are designed to accommodate 

precipitation from the 25-year, 24-hour storm event.  This storm is estimated to yield 2.26 inches 

of precipitation as determined by the National Oceanic and Atmospheric Administration (NOAA) 

Atlas 14, Version 5 at the Amargosa Farms Garey Station (Station I.D. 26-0150).  Features 

providing run-on protection and final cover erosion protection have been designed to provide 

protection from a 100-year, 24-hour precipitation event of 3.13 inches. 

8.2 CONTROL OF SURFACE WATER OUTSIDE THE DISPOSAL AREA 

The overall site drainage control is evaluated in a site-wide Surface-Water Run-on and Run-off 

Control Demonstration included in Appendix 6 and associated calculations in Appendix 2. 

8.3 CONTROL OF SURFACE WATER IN THE DISPOSAL AREA 

Surface water from precipitation which has fallen on placed waste or within the active/lined portion 

of the Trench will be managed following appropriate site protocols for contact water.  Placed waste 

will be graded so that collected surface water is directed to interior holding locations from which 

it can be removed for proper management. 

The calculations in Appendix 2 evaluate the expected surface-water flow volumes from the 25-

year, 24-hour design storm event when Phase 13A or 13E has just been constructed and waste 

filling operations commence.  This configuration represents the greatest potential exposed surface 

area of waste (approximately 9.88 acres).  The calculation includes the conservative assumption 

that sidewall surface water is not separated from water that has contacted waste.  The 25-year, 24-

hour design storm event over initial waste operations in Phase 13A or 13E would be expected to 

result in approximately 600,000 gallons of liquid.  Based on past observations, this liquid primarily 

infiltrates and is either held until evaporated back to the atmosphere or the leachate infiltration to 

the LCRS system.  Infiltrated liquids are management as described in Section 6. 
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If surface-water collects within the Trench, holding facilities will be provided by USEN.  These 

facilities must be emptied or otherwise managed expeditiously after storms to maintain the design 

capacity of the system. 

8.4 RUN-ON CONTROL 

Run-on control at Trench 13 is required only during the period that disposal operations are 

occurring below grade.  The requirement during that period will be to prevent rainfall outside of 

the Trench area from entering into the excavation and potentially being exposed to the waste 

disposal operations.  This is accomplished by:  (1) maintaining a minimum 2 percent slope away 

from the lined excavation; (2) installation of 1.0 foot of anchor trench backfill above grade; (3) 

installing berms of 2.0 foot or greater in areas where designed stormwater management channels 

are not incorporated (i.e. interim Phase termination western boundaries); and (4) keeping existing 

drainage paths away from Trench 13 in an open condition so that flow can occur. 

Run-on control will not be necessary when the disposal operations extend above the existing grade.   

8.5 COVER RUN-OFF CONTROL 

The final cover promotes sheet run-off into designed drainage ways.  Additional information on 

Trench 13 runoff control is provided in Section 7.2.3.  The surface water management features 

located adjacent to Trench 13, and used to prevent run-on (i.e., drainage channels), also will be 

used to manage final cover run-off.   

A detailed surface water run-on and run-off control demonstration is included as Appendix 6.  In 

addition, an evaluation of the surface water management features and site wide conditions, 

contributing surface water run-off, is evaluated in calculations included in Appendix 2. 
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9. SURFACE EROSION 

9.1 SURFACE EROSION 

Soil erosion occurs as the removal of soil particles at the ground surface by water or wind.  In this 

section, water erosion and wind erosion are considered using accepted erosion estimation methods 

and estimates of site-specific conditions.  Initial water erosion of soil occurs as sheet and rill 

erosion that are defined as the removal of layers of soil from the land surface by the action of 

rainfall and runoff.  This type of erosion occurs when rainfall exceeds infiltration.  Wind erosion 

is the removal of soil particles by air, also a moving fluid.  Wind erosion primarily affects arid and 

semi-arid regions because the surface in these areas frequently is poorly vegetated.  The models 

used determine a soil erosion rate that quantifies removal of surface soil from a unit surface area 

per unit time. 

9.1.1 Erosion by Water 

9.1.1.1 Evaluation Method 

The U.S. Natural Resources Conservation Service (NRCS) Revised Universal Soil Loss Equation 

(RUSLE2)8 was used to estimate soil erosion, by water, possible from the planned final cover 

design of Trench 13.  RUSLE2 uses a region-specific database that contains a wide geographic 

range of values for soil properties, rainfall, slopes, and ground cover to estimate soil loss, sediment 

yield, and sediment characteristics from rill and inter-rill (sheet) erosion caused by rainfall and 

associated overland flow.  The RUSLE2 equation is:  

A = RKLSCP 
Where 

A = computed average annual soil loss 

R = rainfall runoff erosivity factor 

K = soil erodibility factor 

LS = length-slope factor 

C = cover management factor 

P = supporting practices factor 
                                                 
8 http://www.ars.usda.gov/Research/docs.htm?docid=6010  

http://www.ars.usda.gov/Research/docs.htm?docid=6010
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Factor LS, slope angle and length, is a site-specific input added by the user.  The RUSLE2 

computer model uses its internal, region-specific, database information to provide the model with 

appropriate values for the R, K, C, and P factors, as is noted below.  

• Climate:  RUSLE2 uses an internal database for site climatic data.  For the USEN Facility, 

the location “USA\Nevada\Nye County/NV-Nye R3” was chosen.   

• Soil:  The soil survey for Nye County, Southwest Part was used to determine soil types 

prevalent at the USEN Facility and in the vicinity.  The prevalent soil types include: 

o Weiser-Canoto association; 

o Yermo-Greyeagle-Arizo association; 

o Yermo, hot-Yermo-Arizo association; and 

o Commski-Yermo association. 

• Crop Management:  The crop management zone was set using the construction site 

template provided in RUSLE2 for CMZ Zone 31 and assumes no contouring.  The 

construction site template assumes clearing-cutting by bulldozer, filling and leveling by 

bulldozer, heavy disking (simulating ripping), rolling smooth (representing slope back-

dragging with a bulldozer blade), and 5) beginning weed growth. 

For modeling Trench 13 final cover, two slopes were analyzed.  Those were the 3H:1V, and 

20H:1V slopes.  In each case, the longest slope length for each slope type was assumed as a worst-

case scenario.  The calculation in Appendix 2 identifies the longest slope lengths applicable to 

each cover slope segment that was considered in the RUSLE2 model. 

9.1.1.2 Soil Erosion Estimate 

Native surface soil types were evaluated and compared to grain-size analyses for soil used as cover 

material on Trench 11 (approved AFC cover installation).  Soil to be used to construct the Trench 

13 cover will include a mixture of surface and subsurface soil derived from excavations for Trench 

13 and other excavations at the USEN Facility.  The native soil type most closely matching the 

Trench 11 installed material grain size analysis is the 2053 Yermo-Greyeagle-Arizo association. 
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The results of these analyses are shown on “RUSLE2 Erosion Calculation Record” sheets in 

Appendix 2 and are summarized in Table 9-1  

Table 9-1  Water Erosion Summary 

Slope 
(H:V) 

Maximum Slope Length 
(feet) 

Soil Loss 
(tons/acre/year) 

20:1 200 0.23 
3:1 100 1.9 

Both erosion rates calculated using RUSLE2 were less than the two tons per acre per year 

suggested by USEPA as a maximum erosion rate9.  In addition, the calculated values are below 

the NRCS soil loss tolerance value of five tons per acre per year for the 2053 Yermo-Greyeagle-

Arizo association.   

Sheet flow shear stresses were evaluated on the 20H:1V upper deck and 3H:1V sideslopes of 

Trench 13 and found to be approximately 0.01 psf and 0.09 psf, respectively, when considering a 

100-year, 24-hour precipitation event.  Literature suggests that a soil surface texture with a D50 of 

0.25 inch can withstand shear stresses of 0.1 psf10.  Surface soils on the Trench 11 side slopes have 

recently been observed to exhibit natural armoring that has resulted in an approximate D50 particle 

size of 0.25 inch.  Cover soils placed on the side slopes of Trench 13 will undergo a similar 

armoring process and are expected to converge on a D50 of approximately 0.25 inches.  The point 

of convergence is governed by the magnitude of tractive forces that are applied in the long-term, 

which are discussed in Calculation C.12.   

The Trench 13 final cover upper deck flumes, sideslope lateral drainages, sideslope flumes, and 

access road drainages were evaluated using USDA’s Technical Release 55 (TR-55) program and 

using Manning’s equations for open channel flow.  Based on the evaluation, the anticipated run-

off depths are sufficient to provide over 1.0 foot of freeboard and the velocities are large enough 

to promote self-cleaning of the drainages.  The following summarizes the analysis. 

 Flow Rate (cfs) Depth (in) Velocity (fps) 
Upper Deck Flumes 3.2 2.1 4.3 
Sideslope Lateral Drainages 0.84 4.2 2.7 

                                                 
9  USEPA.  1991.  Design and Construction of RCRA/CERCLA Final Covers, EPA/625/4-91/025.  
10 Texas Department of Transportation, Hydraulic Design Manual, August 2015. 
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Sideslope Flumes 5.0 2.0 6.8 
Access Road Drainages at 5% 1.5 4.9 3.1 
Access Road Drainages at 10% 1.5 4.3 4.0 

Shear stresses were evaluated for channelized flow along upper deck flumes, sideslope lateral 

drainages, sideslope flumes, and along access road ditches.  The analysis has concluded that: 

• Rock with a D50 of 2.0 inches are appropriate for use as a protective lining in upper deck 

flumes and berms, and in sideslope laterals; 

• Rock with a D50 of 6.0 inches are appropriate for access road drainages; and 

• Rock with a D50 of 12 inches are appropriate for use on sideslope flumes.  

Cement grout applications can be used an alternative to large rock material to increase tractive 

force resistance.  For sideslope flumes and access road drainages, rock armoring with a minimum 

D50 of 4.0 inches and interstitial spaces filled with cement grout is an acceptable alternative to the 

materials specified above.  Grout adds stability and size to the smaller rock matrix.  Cracking of 

the grout and rock matrix will not significantly diminish the protective properties of the armoring 

and is expected. 

9.1.2 Erosion by Wind 

The U.S. Natural Resources Conservation Service (NRCS) Wind Erosion Prediction System 

(WEPS) model was used for this analysis.  WEPS is intended to estimate erosion from agricultural 

fields that are managed for production of various crop types.  The model allows for consideration 

of certain topographic features that modify wind direction and velocity, but cannot consider 

complex geometric shapes, such as a landfill cover.  Also, the agricultural nature of the surface 

preparation and crop management inputs to the model might not accurately reflect the early history 

of a closed landfill.  As a result, the accuracy of the wind erosion estimate must be considered 

uncertain.  For later comparison to the model’s soil loss estimate, it is important to note that natural 

soil loss from desert soil type present in the site area is five tons per acre per year.11  

                                                 
11  Bechtel SAIC Company, LLC, September 2006.  Soil-Related Input Parameters for the Biosphere Model. 
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9.1.2.1 Evaluation Method 

WEPS is used to estimate expected soil loss (as soil weight per surface area unit) based on soil 

properties, wind and climate history for a local weather station, and site geography.  The Wind 

Erosion Equation (WEQ) upon which WEPS is based is widely used for estimating soil loss by 

wind from agricultural fields.  The functional form of WEQ is:  

E = f ( I, C, K, L, V ) 

Where, E is the average soil loss (tons/acre/year), I is the soil erodibility, K is the soil ridge 

roughness, C is the climatic factor, L is the field length along the prevailing wind erosion direction, 

and V is the vegetative factor.  

WEPS is a process-based, daily time-step model that simulates weather, field conditions, and 

erosion to predict wind erosion.  The WEPS model allows the use of uploaded region-specific 

database information to determine the WEQ soil loss factors.  For the Trench 13 wind erosion 

estimates, the following four databases were uploaded: 

1. Climate Data (Amargosa Valley 4S); 

2. Soil Data (Nye SW, 2053 Yermo-Greyeagle-Arizo Association); 

3. Wind Data (Mercury/Desert Rock); and 

4. Crop Management Data (CMZ-31) 

Climate:  The first WEPS input is climate data based on the location input.  For the USEN Facility, 

the climate factors for the monitoring station “Amargosa Valley 4S” were used. 

Soil:  The USDA’s web soil survey was used to determine the prevalent surface soil types in the 

vicinity of the US Ecology Facility and the soil type most closely matching the grain size analysis 

for soils used as cover material on Trench 11.  The representative soil type and the one used in the 

WEPS erosion estimate is the 2053 Yermo-Greyeagle-Arizo association.  This soil type was 

considered to be sufficiently similar to the expected final cover materials for use in the soil loss 

estimate. 

Wind:  The weather station selected as representative for wind speed and direction was the 

Mercury/Desert Rock Station.   
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Crop Management:  The crop management zone was set using the construction template provided 

in RUSLE2 for CMZ Zone 31.  The RUSLE2 database file for CMZ Zone 31 was converted to a 

WEPS database file.  The construction site template assumes non-vegetated disturbed soil that has 

been modified using certain combinations of construction or agricultural equipment. 

9.1.2.2 Soil Erosion Estimate 

The WEPS model simulation used a basic area shape (e.g., rectangle, square, circle, or quarter 

circle), site-specific dimensions, and an orientation (relative to wind direction) as input for the 

model run.  The US Ecology Trench 13 area was modeled as: 

• North Slope (2,190 ft x 300 ft) with regional slope of 33%; 

• Upper Deck (1,835 ft x 516 ft) with a regional slope of 5%; 

• South Slope (2,190 x 225 ft) with a regional slope of 33%; and 

• East and West Slopes (300 ft x 940 ft) with a regional slope of 33%. 

Table 9-2  Wind Erosion Summary 

Model Run 
Soil Loss 

(tons/acre/year) 
North Slope at 3H:1V 3.96 
Upper Deck at 20H:1V 4.86 
South Slope at 3H:1V 3.99 
East and West Slope at 3H:1V 4.19 

Average 4.25 

The soil loss tolerance value assigned by NRCS as a standard for protecting soil as natural resource 

is five tons per acre per year for the 2053 Yermo-Greyeagle-Arizo association in this natural desert 

setting.  This value is greater than the USEPA-recommended maximum erosion rate of two tons 

per acre per year for hazardous waste disposal sites, but is less than the five tons per acre per year 

that is common for desert soils. 

Wind erosion is assumed to result in uniform soil removal over a broad area and not in a manner 

than tends to concentrate soil removal (such as rill erosion by water).  Accordingly, consideration 

of the significance of surface soil removal (or thinning) is pertinent.  The soil loss caused by wind 

erosion was analyzed for the potential of thinning the cover to the point of exposing waste.  Using 
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the erosion rate estimated for the orientation of Trench 13 and assuming that cover soil is placed 

with a density of 100 lbs per cubic foot or approximately 1.35 tons per cubic yard, the following 

soil loss is estimated. 

For one year: 4.25 ft
yd
ft

ft
acre

tons
yd

acre
tons 0020.0

1
27

560,43
1

35.1
1

3

3

2

3

=∗∗∗  of soil loss per year 

or 0.023 inches of soil loss per year 
For 30 years: 0.70 inches of soil loss 

9.2 EROSION CONCLUSIONS 

Using regional input values believed to be a reasonable representation of site conditions, the 

calculated estimates of surface erosion on the Trench 13 final cover do not exceed maximum 

erosion rate recommendations, in the case of water erosion, or reasonable soil thinning rates, in 

the case of wind erosion.  This conclusion is applicable to use of native soil types for the Trench 

13 final cover without special attention to placement of a surficial layer specifically intended to 

reduce surface erosion.  In fact, a soil gradation, similar to the Yermo-Greyeagle-Arizo association, 

is sufficiently coarse-grained to be considered an “erosion reduction” layer without special 

treatment (such as selective particle size separation using a grizzly or screen).  Modeled conditions 

are initial placement conditions.  Following several years of wind and water erosion, the surface 

will self-armor, as fines are removed and coarse materials remain, and become more erosion 

resistant than at initial placement. 

It should be recognized that during heavy precipitation events, rill and moderate gully erosion is 

expected.  Such areas will require maintenance; however, once repaired, the function of the final 

cover is restored and does not represent a failure of the cover system.  
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Drawing Number  Drawing Title 

NV13-15-001 Cover Sheet 

NV13-15-002 Site Plan 
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NV13-15-004 Western and Eastern Horizontal Control Line 

NV13-15-005 Subgrade Excavation 1 of 2 

NV13-15-006 Subgrade Excavation 2 of 2 

NV13-15-007 Subgrade Profiles 

NV13-15-008 Liner Details 

NV13-15-009 LCRS/LDS Sump Details 1 of 2 

NV13-15-010 LCRS/LDS Sump Details 2 of 2 

NV13-15-011 Final Waste Grade – Plan View 

NV13-15-012 Final Cover – Plan View 

NV13-15-013 Final Cover Profiles 

NV13-15-014 Surface Water Management 1 of 3 

NV13-15-015 Surface Water Management 2 of 3 

NV13-15-016 Surface Water Management 3 of 3 

NV13-15-017 Phase Construction 

NV13-15-018 Above-Grade Waste, Interim Protective Berm, and Cover 
Placement 

NV13-15-019 Final Cover Details 
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C.01 Surface Water Management 
C.02 Trench 13 Excavation and Final Cover Slope Stability 
C.03 LCRS Infiltration Rates 
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C.05 Drainage Piping Strength Analysis 
C.06 LCRS and LDS Sump Capacities 
C.07 Bearing Capacity of Gravel used to Support LCRS Riser 
C.08 LDS Flow Capacity, ALR, and Extraction Rate 
C.09 Liner Stability on Trench 13 Side Slopes 
C.10 Anchor Trench Dimensions 
C.11 Trench 13 Foundation Settlement Estimate 
C.12 Final Cover Erosion by Water 
C.13 Final Cover Erosion by Wind using WEPS 
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PURPOSE OF CALCULATION 

Determine the potential on-site and off-site surface-water flow from 25-yr/24-hr and 100-
yr/24 precipitation events at the US Ecology Nevada (USEN) facility and necessary 
management features for protection of proposed Trench 13 during development, 
operation, and closure in accordance with 40 CFR 264.301(h).  Design of new surface-
water management features. 

METHOD 

Surface-water management features around Trench 13 are designed to manage 
precipitation from the 100-year, 24-hour storm event.  The 25-year, 24-hour storm event 
is estimated at 2.26 inches and the 100-year, 24-hour event is estimated at 3.13 inches, 
as determined by the National Oceanic and Atmospheric Administration (NOAA, 1973), 
NOAA Atlas 14, Volume 1, Version 6, Amargosa Farms and is included as Reference 1. 

Basin delineation is determined from the natural topography of the USEN Facility and 
surrounding drainage areas, existing current features, and future development (including 
Trench 12 closure and Trench 13 development, use, and closure), which will directly 
affect the location of Trench 13 and modification of current drainages.  The basin 
identifications are provided in surface-water management plan drawings in Reference 2. 

The USDA Technical Release 55 (TR-55) Model was used to calculate surface-water run-
off volume and peak rate of discharge for small watersheds using two independent 
hydrologic soil groups.  This is the preferred method in the state of Nevada as reported 
in the 1996 Surface-Water Management Calculation for Trench 12 of the USEN Facility.  
The model output runs and description of the TR-55 procedure is provided in Reference 3 
and Reference 4, respectively. 

Surface water management features will be necessary to route surface-water around 
Trench 13 during construction and operation.  At closure, the cover and design of the 
area immediately surround Trench 13 are designed to prevent run-on.  Surface water 
management features were designed using Manning’s Equation for open channel flow. 
The method and procedure are provided in Reference 5. 

RUN-OFF AND DISCHARGE ESTIMATED FROM THE TR-55 MODEL 

Calculate peak run-off rates expected from drainage basins flowing toward the proposed 
Trench 13 at the USEN Facility under the influence of design rain storm.  The TR-55 is 
the preferred method of run-off calculation by the state of Nevada and was created by the 
United States Department of Agriculture.  
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The USDA Natural Resource Conservation Service Technical Release 55 (TR-55) titled 
Urban Hydrology for Small Watersheds (June 1986) was used to estimate storm run-off 
volume and peak rate of storm discharge.  To estimate run-off from storm rainfall, TR-55 
uses the run-off curve number (CN) method.  The CN method is based on the soil type of 
the native materials and trench final covers, including hydrologic soil group and hydrologic 
condition.  The run-off equations are: 

Q= 
( )
( ) SIP

IP

a

a

+−
− 2

 S = 
( )CN
1000 -10 

Where: 
Q = run-off (in) 
P = rainfall (in) 
S = potential maximum retention after run-off begins (in)  
Ia = initial abstraction (in) and Ia = 0.2S 
Rearranging and substituting 0.2S for Ia yields the following. 

Q= 
( )
( )SP

SP
8.0

2.0 2

+
−

 

The CN was chosen from options provided in the TR-55 Table 2-2.  The following soil 
conditions were chosen. 

cover type Desert shrub 

treatment (vegetation cover) Poor condition 

hydrologic soil group A 

curve number 63 

This calculation evaluates both the 25-year, 24-hour storm of approximately 2.26 inches 
and the 100-year, 24-hour storm of 3.13 inches of precipitation (Reference 1).   

The next step in the TR-55 guidance is calculation of the travel time or the time it takes 
water to travel from one location to another on the USEN site.  The factors influencing the 
time of travel include the surface type, the surface roughness (Manning’s coefficient), flow 
length, rainfall, and land slope.  The soil cover surface is modeled as desert shrub and a 
curve number of 63, (as described in Table 2-2d of the TR-55 guidance (Reference 4)) 
and assumes sheet flow over a planar surface.  

A drawing of the drainage basin configuration contributing to run-off at the USEN site; is 
provided in Reference 2 of this calculation.  Drainage characteristics contributing to 
surface-water management at the USEN site were determined, including basin area and 
average slope.  Sheet flow slope length was set at 100 ft for all basins to minimize time 
of concentration and produce a conservative estimate of maximum volume and flow to all 
drainage reaches.  . 
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Surface Water Basins with Drainage Impacting Trench 13 

The basin evaluation located in Reference 2 includes Reach paths and outfall locations.  
Basins and discharge calculations are provided in the TR-55 Model Runs in Reference 3.   

Analysis 

This analysis evaluates peak discharge (in cubic feet per second (cfs)) for the 25-
year/24-hour and 100 year/24-hour precipitation events.  Basins of similar flow 
characteristics were established and modeled.   

N-Basins 
Consist of all north facility basins (N-Basins), with a cumulative area of 74.64 acres.  The 
25-yr peak discharge at Outfall 1 is 7.2 cfs.  The 100-year/24-hour peak discharge at 
Outfall 1 is 43 cfs (Reference 3). 

Basin N-1 consists of 11.15 acres of undeveloped land.  The topography is 
a mild slope from north-west to south-east.  The basin drains to Reach 1 on 
the northern-most road along the existing property line and eastward to 
Outfall 1.  

Basin N-2 consists of 49.33 acres of undeveloped land.  The topography is 
a mild slope from north to south.  The basin empties to a natural drainage 
path then to Reach 1 on the northern-most road along the existing property 
line and eastward to Outfall 1. 

Basin N-3 consists of 11.13 acres of cover soil on the north facing slopes of 
Trench 12 (currently unfinished), Trench 11, and Trench 10.  All Trenches 
have slopes at 3:1 from south to north.  The basin drains to Reach 1 on the 
northern-most road along the existing property line and east to Outfall 1. 

Basin N-4 consists of 0.81 acres of cover soil on the northern portion of 
closed Trench 11, and has a slope of 20:1 from south to north and west to 
east.  The basin drains to Reach 1 on the northern-most road along the 
existing property line and east to Outfall 1. 

Basin N-5 consists of 2.21 acres of cover soil on the northwest half of closed 
Trench 10, and has a slope of 20:1 from south to north and east to west.  
The basin drains to Reach 1 on the northern-most road along the existing 
property line and east to Outfall 1.  

E-Basins 
Consists of all eastern basins (E-Basins), with a cumulative area of 17.94 acres, and 
Reach 2.  The 25-yr peak discharge is 2.5 cfs.  The 100-year/24-hour peak discharge is 
11 cfs (Reference 3). 
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Basin E-1 consists of 3.23 acres of cover soil on the eastern half of closed 
Trench 10, and has a slope of 20:1 draining to the east and south.  The 
basin drains to Reach 2, then south to Outfall 2. 

Basin E-2 consists of 1.03 acres of cover soil on the east-facing slope of 
closed Trench 10, and has a slope of 3:1 draining from west to east.  The 
basin drains to Reach 2, then south to Outfall 2.  

Basin E-3 consists of 0.86 acres of cover soil on the south-facing slope of 
closed Trench 10, and has a slope of 3:1 draining from north to south.  The 
basin drains to Reach 2, then south to Outfall 2.  

Basin E-4 consists of 2.19 acres of cover soil on the east-facing slope of 
closed Trench 11, and has a slope of 3:1 draining from west to east.  The 
basin drains to Reach 2, then south to Outfall 2.  

Basin E-5 consists of 3.28 acres above closed Trenches 1 to 9, and the 
topography is a mild slope from north-west to south-east.  The basin drains 
to Reach 2, then south to Outfall 2.  

Basin E-6 consists of 0.87 acres above closed Trenches 1 to 9, and the 
topography is a mild slope from north-west to south-east.  The basin drains 
to Reach 2, then south to Outfall 2. 

Basin E-7 consists of 0.51 acres above closed Trenches 1 to 9, and the 
topography is a mild slope from west to east.  The basin drains to Reach 2, 
then south to Outfall 2. 

Basin E-8 consists of 1.48 acres above closed Trenches 1 to 9, and the 
topography is a mild slope from west to east.  The basin drains to Reach 2, 
then south to Outfall 2.  

Basin E-9 consists of 4.49 acres of undeveloped land and the topography 
is a mild slope from north to south.  The basin drains to Reach 2, then south 
to Outfall 2.  

SE-Basins 
Consists of all south eastern basins (SE-Basins) with a cumulative area of 5.60 Acres 
and Reach 3.  The 25-yr peak discharge is 0.77 cfs.  The 100-year/24-hour peak 
discharge is 305 cfs (Reference 3). 

Basin SE-1 consists of 0.36 acres of final cover soil on a portion of closed 
Trench 11, and has a slope of 20:1 draining to the east.  The basin drains 
via sheet flow over basins SE-2 and SE-4 to Reach 3, then to Outfall 3. 
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Basin SE-2 consists of 1.10 acres of final cover soil on a portion of closed 
Trench 11, and has a slope of 3:1 draining west to east.  The basin drains 
via sheet flow over basin SE-4 to Reach 3, then to Outfall 3. 

Basin SE-3 consists of 1.19 acres above closed Trenches 1 to 9, and the 
topography is a mild slope from north to south.  The basin drains to Reach 
3, then to Outfall 3. 

Basin SE-4 consists of 1.14 acres above closed Trenches 1 to 9, and the 
topography is a mild slope from north to south.  The basin drains to Reach 
3, then to Outfall 3.  

Basin SE-5 consists of 1.82 acres of final cover soil on a portion of closed 
Trench 11, and has a slope of 3:1 draining north to south.  The basin drains 
to Reach 3, then to Outfall 3. 

Trench 13 Final Cover Basins  
The Trench 13 Final Cover Basins (FC-Basins) are comprised of all drainage basins 
within the cell footprint of Trench 13.  The FC-Basins have a cumulative area of 53.91 
Acres (following final cover placement) and are collected by multiple lateral drain 
benches, flumes, and berms.  Because of Trench 13’s symmetry, not all basins were 
evaluated.  The hydraulic soil group for the cover is modeled as Type A.  The Trench 13 
cover has been evaluated at the 25-year and 100-year precipitation event.  The basin 
delineation map for the Trench 13 final cover is provided in Reference 2. 

FC-Northwest Basins (FC-NW): consists of 6.59 acres at a 3H:1V slope.  
Basins include FC-NW-1, FC-NW-2, FC-NW-3, and FC-NW-4, FC-NW-5, 
and FC-NW-6.  Runoff collects in lateral drainages, flows down a sideslope 
flume and results in a 25-year peak discharge of 0.92 cfs and a 100-year 
peak discharge of 4.11 cfs at Outfall FC-NW.  Run-off discharges on the 
north side of Trench 13 and is carried by ditches to the eastern drainage, 
then off-site. 

FC-Northeast Basins (FC-NE): consists of 6.59 acres at a 3H:1V slope.  
Basins include FC-NE-1, FC-NE-2, FC-NE-3, FC-NE-4, FC-NE-5, and FC-
NE-6.  Runoff collects in lateral drainages, flows down a sideslope flume 
and results in a 25-year peak discharge of 0.92 cfs and a 100-year peak 
discharge of 4.11 cfs at Outfall FC-NE.  Run-off discharges on the north 
side of Trench 13 and is carried by ditches to the eastern drainage, then off-
site. 

FC-West-A Basins (FC-W-A): consists of 2.39 acres at a 3H:1V slope.  
Basins include FC-W1, FC-W2, and FC-W3.  Runoff collects in lateral 
drainages, flows down a drainage along a final cover access road, and 
results in a 25-year peak discharge of 0.33 cfs and a 100-year peak 
discharge of 1.48 cfs at Outfall FC-W-A.  Run-off discharges on the west 
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side of Trench 13 and is carried south in a ditch along the western access 
road, then off-site. 

FC-East-A Basins (FC-E-A): consists of 2.39 acres at a 3H:1V slope.  
Basins include FC-E1, FC-E2, and FC-E3.  Runoff collects in lateral 
drainages, flow down a drainage along a final cover access road, and 
results in a 25-year peak discharge of 0.33 cfs and a 100-year peak 
discharge of 1.48 cfs at Outfall FC-E-A.  Run-off discharges on the east side 
of Trench 13 and is carried by ditches to the eastern drainage, then off-site. 

FC-West-B Basins (FC-W-B): consists of 2.69 acres at 3H:1V slope.  Basins 
include FC-W4, FC-W5, FC-W6, and FC-W7.  Runoff collects in lateral 
drainages, flows down a sideslope flume and results in a 25-year peak 
discharge of 0.38 cfs and a 100-year peak discharge of 1.68 cfs at Outfall 
FC-W-B.  Run-off discharges on the west side of Trench 13 and is carried 
south in a ditch along the western access road, then off-site. 

FC-East-B Basins (FC-E-B): consists of 2.69 acres at 3H:1V slope.  Basins 
include FC-E4, FC-E5, FC-E6, and FC-E7.  Runoff collects in lateral 
drainages, flows down a sideslope flume and results in a 25-year peak 
discharge is 0.38 cfs and a 100-year peak discharge of 1.68 cfs at Outfall 
FC-E-B.  Run-off discharges on the east side of Trench 13 and is carried by 
ditches to the eastern drainage, then off-site. 

FC-Southwest Basins (FC-SW) and FC-Upper Deck West Basins (FC-
UDW): consists of 8.08 acres.  Basins include FC-SW-1, FC-SW-2, FC-SW-
3, FC-SW-4, FC-SW-5, and FC-SW-6 for the sideslope areas and FC-UDW-
1, FC-UDW-2, and FC-UDW-3, for the upper deck areas.  The slopes are 
20H:1V on the upper deck transitioning to 3H:1V on the side slopes.  Runoff 
collects in lateral drainages, flows down a sideslope flume, and results in a 
25-year peak discharge of 1.08 cfs and a 100-year peak discharge of 5.02 
cfs at Outfall FC-SW.  Run-off discharges on the southwest side of Trench 
13 and is carried by ditches and natural drainage pathways to the southern 
property line.  

FC-Southeast Basins (FC-SE) and FC-Upper Deck East Basins (FC-UDE): 
consists of 8.08 acres.  Basins include FC-SE-1, FC-SE-2, FC-SE-3, FC-
SE-4, FC-SE-5, and FC-SE-6 for the sideslope areas and FC-UDE-1, FC-
UDE-2, and FC-UDE-3, for the upper deck areas.  The slopes are 20H:1V 
on the upper deck transitioning to 3H:1V on the side slopes.  Runoff collects 
in lateral drainages, flows down a sideslope flume, and results in a 25-year 
peak discharge of 1.08 cfs and a 100-year peak discharge of 5.02 cfs at 
Outfall FC-SE. Run-off discharges on the southeast side of Trench 13 and 
is carried by ditches and natural drainage pathways to the southern property 
line. 



Prepared by: CWK Date: 12/1/14 
Checked by: CAB Date: 12/9/14 

Page 8 

 
FC-South-A Basins (FC-SA) and FC-Upper-Deck Middle-West (FC-UD-
MW) Basins consists of 7.88 acres.  Basins include FC-SA-1, FC-SA-2, FC-
SA-3, FC-SA-4, FC-SA-5, and FC-SA-6 for the sideslope areas, and FC-
UD-MW-1, FC-UD-MW-2, FC-UD-MW-3 for the upper deck areas.  The 
slopes are 20H:1V on the upper deck transitioning to 3H:1V on the side 
slopes.  Runoff collects in lateral drainages, flows down a sideslope flume, 
and results in a 25-year peak discharge of 1.02 cfs and a 100-year peak 
discharge of 4.91 cfs at Outfall FC-SA.  Run-off discharges on the south 
side of Trench 13 and carried by ditches and natural drainage pathways to 
the southern property line. 

FC-South-B Basins (FC-SB) and FC-Upper-Deck Middle-East (FC-UD-ME) 
Basins consists of 7.88 acres.  Basins include FC-SB-1, FC-SB-2, FC-SB-
3, FC-SB-4, FC-SB-5, and FC-SB-6 for the sideslope areas, and FC-UD-
ME-1, FC-UD-ME-2, FC-UD-ME-3 for the upper deck areas.  The slopes 
are 20H:1V on the upper deck transitioning to 3H:1V on the side slopes.  
Runoff collects in lateral drainages, flows down a sideslope flume, and 
results in a 25-year peak discharge of 1.02 cfs and a 100-year peak 
discharge of 4.91 cfs at Outfall FC-SB. Run-off discharges on the south side 
of Trench 13 and carried by ditches and natural drainage pathways to the 
southern property line 

EE-Basins 
The EE-Basins have a cumulative area of 61.79 Acres.  The 25-yr peak discharge is 6.8 
cfs.  The 10-year/24-hour peak discharge is 36 cfs (Reference 3)  

Basin EE-1 consists of 16.41 acres of undeveloped land and the topography 
is a mild slope from north-east to south-west.  The basin drains to a natural 
channel and then to a proposed man-made channel on the north side of 
Trench 13 (Reach 4), then to Outfall 4.  

Basin EE-2 consists of 20.22 acres of undeveloped land and the topography 
is a mild slope from north-east to south-west.  The basin drains to a natural 
channel then to a proposed man-made channel on the north side of Trench 
13 (Reach 4), then to Outfall 4. 

Basin EE-3 consists of 25.19 acres of undeveloped land and the topography 
is a mild slope from east to west.  The basin drains by overland flow to a 
proposed man-made channel on the north side of Trench 13 (Reach 4), 
then to Outfall 4. 

SC-Basins 
Consists of all south central basins (SC-Basins) with a cumulative area of 29.18 acres.  
The 25-yr peak discharge is 2.6 cfs.  The 100-year/24-hour peak discharge is 14 cfs 
(Reference 3) 
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Basin SC-1 consists of 5.98 acres of cover soil on a portion of closed Trench 
12 (not yet completed) and has a slope of 3:1 from north to south.  The run-
off flows to Reach 5 and south to Outfall 5.  

Basin SC-2 consists of 16.05 acres of previously closed radiological waste 
Trenches.  The basin drains to Reach 5 and then to Outfall 5. 

Basin SC-3 consists of 1.21 acres of final cover soil on a portion of closed 
Trench 11, and has a slope of 20:1 from north-east to south-west.  The 
basin drains to Reach 5 on the west side of Trench 11 and south to Outfall 
5.  

Basin SC-4 consists of 5.95 acres of cover soil on a portion of closed Trench 
11, and has a slope of 3:1 from east to west.  The basin drains to Reach 5, 
then south to Outfall 5. 

SW-Basins 
Consists of all south western basins (SW-Basins) with a cumulative area of 36.45 acres. 
The 25-yr peak discharge is 3.7 cfs.  The 100-year/24-hour peak discharge is 20 cfs 
(Reference 3).  

Basin SW-1 consists of 16.77 acres of previously closed radiological waste 
Trenches.  The basin drains east via man-made channels to proposed 
Reach 6 on the west side of Trench 13.  The basin then drains south off-
site at Outfall 6.  

Basin SW-2 consists of 17.80 acres of undeveloped land used by USGS, 
and the topography is a mild slope from north-west to south-east.  The basin 
drains east via man-made channels and to proposed Reach 6 on the west 
side of Trench 13.  The basin then drains south off-site at Outfall 6. 

Basin SW-3 consists of 1.89 acres of undeveloped land used by USGS and 
the topography is a mild slope from north-west to south-east.  The basin 
drains east via man-made channels to proposed Reach 6 on the west side 
of Trench 13.  The basin then drains south off-site at Outfall 6. 

Outfalls 

Outfall numbering and flows are for the purposes of this calculation only and do not 
correspond to specific Outfalls currently identified in USEN’s Stormwater Permit. 

The construction of Trench 13 will result in two outfall locations at USEN (identified as 
Outfalls 4 and 6 for the purposes of this calculation) that will result in flow off-site.  Peak 
run-off expected in drainage basins is described below and summarized in 
Reference 3. 
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Outfall 1: A combination of run-offs from all the N-Basins with a cumulative area of 75 
acres. 

Outfall 2 
A combination of run-offs from the N-Basins and E-basins, with a cumulative area of 93 
acres.   

Outfall 3 
A combination of run-offs from the N-Basins, SE-basins, E-basins, and the FC-NW Basin 
of Trench 13, with a cumulative area of 105 acres.  

Outfall 4 
A combination of run-off from N-Basins, SE-Basins, E-Basins, EE Basins, FC-NW Basins, 
FC-NE Basins, FC-E Basins, FC-SE, FC-South , and FC-W Basins, with a cumulative 
area of 210 acres.  Outfall 4 includes contributions from Outfall 1, Outfall 2, and Outfall 3, 
and flows that enter a proposed man-made channel along the east side of proposed 
Trench 13.  Surface-water is released off-site at Outfall 4 located at the property 
boundary. 

Outfall 5 
A combination of run-offs from the all SC-Basins and run-off from a cumulative area of 29 
acres.  

Outfall 6 
A combination of run-off from SC-Basins, SW-Basins, and FC-West Basins with a 
cumulative area of 71 acres.  Outfall 6 is the release point for diverted surface-water 
around the western limits of proposed Trench 13.  

Table 1:  Sum of Basin Contributions for Designated Outfalls (cfs) 
OUTFALL 
(BASIN) 

1 
(N) 

2 
(N+E) 

3 
(N+E+SE+T1) 

4 
(N+E+SE+FC+EE) 

5 
(SC) 

6 
(SC+SW+FC-W) 

25-yr 7.2 9.6 11 24 2.6 7.0 
100-yr 43 54 61 124 14 37 

The values in bold are the discharge rates (cfs) for the two outfalls at the USEN site, 
located at the southeast and southwest corners of Trench 13.  These calculated values 
will be used for capacity analysis of berms, ditches, and diversion channels for the 
transport of surface-water.  Tabular spread sheets for these values are provided as 
Reference 3 

Conclusions 

Using the USDA TR-55 model, storm run-off volume and peak rate of discharge have 
been estimated for the 25-year/24 hour and 100-year/24-hour precipitation events within 
drainage areas at or flowing towards the USEN facility and proposed Trench 13.   
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Drainage basin areas were summed at six locations to determine peak discharge at 
points of interest.  Two of the locations represent the discharge as surface water leaves 
the USEN property.  At Outfall 4, off the southeast corner of Trench 13, surface water is 
estimated to leave the USEN property at 24 cfs during a 25-year/24-hour precipitation 
event and at 124 cfs during a 100-year/24-hour precipitation event.  At Outfall 6, off the 
southwest corner of Trench 13, surface water is estimated to leave the USEN property 
at 7.0 cfs during a 25-year/24-hour precipitation event and at 37 cfs during a 100-
year/24-hour precipitation event.   

DIVERSION CHANNELS AND TRENCH 13 RUN-ON PROTECTION 

Purpose 

Run-on control at Trench 13 is required only during the period that disposal operations 
are occurring below grade; however, diversion trenches and ditches, established to 
control run-off will also be used to control run-off as waste fill occurs above grade and 
following Trench 13 closure.  Preventing run-on from 25-yr storm event is a regulatory 
requirement.  In addition, these features have been evaluated to the 100-year, 24-hour 
storm 

Run-on control diverts surface-water flow from all sides of Trench 13.  The plan drawings 
are shown in Reference 2 of this calculation and specify the location and design of the 
diversion features and drainages.  The diversion features (constructed slopes at 2 percent 
away from the limits of waste placement (Horizontal Control Line), 1 foot of soil above 
grade at the anchor trenches, and temporary berms) and drainages divert surface-water 
from large rain events during excavation, waste placement, and closure of Trench 13.  
Drainage features can be built as construction of the Trench progresses and do not need 
to be completely built-out at the on-set of construction.  Calculations of leachate control, 
described in the Leachate Collection and Removal (LCRS) calculation (C.03 and C.04), 
account for precipitation that falls within the Horizontal Control Line. 

Run-off control features, specific to the Trench 13 final cover are evaluated in Calculation 
C.12. 

Approach 

Using Manning’s equation for open-channel flow (Reference 5), determine if the Trench 
13 surface water management features adequately handle the flow of water and 
appropriately divert the flow around Trench 13.   

From the Trench 13 design, channel slope and geometry are per design.  The flow 
capacity of drainages is assumed as the 25 year 24 hour peak discharge at the respective 
Outfall locations, Outfalls 4 and 6.   

Mannings Equation is:  
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Where: 
𝑄𝑄= Flow   [ 𝑓𝑓𝑓𝑓

3

𝑠𝑠𝑠𝑠𝑠𝑠
 ] 

𝐴𝐴= Cross Sectional Area  [ 𝑓𝑓𝑓𝑓2] 
𝑉𝑉= Velocity  [ 𝑓𝑓𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠
 ] 

𝐾𝐾= Conversion Factor = 1.4859 
𝑅𝑅ℎ = A / Wp = Hydraulic Radius [ft] 
𝑊𝑊𝑊𝑊= Wetted Perimeter  [ft] 
𝑆𝑆= Slope [ 𝑓𝑓𝑓𝑓

𝑓𝑓𝑓𝑓
 ] 

𝑛𝑛=Manning’s Coefficient [unit-less] 
1. The flow capacity of the channel (Q) will be compared to the flow rate 

for the specified Reach and Outfall the channel will serve.  .  These 
flow values were determined using the TR-55 model and are 
calculated in the section above for each specific Reach and Outfall, 
using the 25-year, 24-hour and 100-year, 24-hour precipitation 
events.  Manning’s Formula is used to determine if the channel 
design has adequate flow capacity. 

2. The cross-sectional area of the channel is an independent variable 
and initial design assumption used as input to Manning’s Formula.  

3. Velocity of flow through the channel is a dependent variable and will 
be determined using values for slope, channel geometry, and 
surface roughness. 

4. K is a unit less conversion factor 
5. The hydraulic radius is a dependent value and is calculated using the 

cross-sectional area of the channel and the wetted perimeter.  The 
value for hydraulic radius will become larger as the channel fills with 
water, this is a critical value in determining velocity of flow through 
the channel and strictly dependent on channel geometry.  

6. Wetted perimeter refers to the length of wetted contact of the side 
slopes and base of the channel.  As the channel fills with water the 
wetted perimeter becomes larger, this value is dependent upon 
channel geometry. 

7. The slope of the channel is an initial design variable input for 
Manning’s Formula.  The minimum value for slope at any stage is the 
critical value; the maximum value for channel slope at any stage will 
not exceed 1.0%.  

8. Manning’s Coefficient represents the roughness of the channel 
surface, with 0.018 corresponding to the roughness of smooth earth 
(see Reference 6).  This is a conservative value and will be used in 
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this calculation.  For a given Q, a rougher channel will decrease the 
flowrate, and consequently, increase the depth of the flow in the 
channel. 

Eastern Diversion Channel 
The eastern diversion channel will be designed to carry the flow from Reach 4 around 
the north-east corner of Trench 13, and then south to Outfall 4, where the flow is 
discharged off-site.  The design criteria will be focused on the critical stage of the 
channel, where slope and channel geometry are at a minimum, which occurs at the 
northwest corner of Trench 13. 

Initial Conditions: 
Q = 24 CFS (25-year, 24-hour) 
Q = 124 CFS (100-year, 24-hour) 
Trapezoidal Channel 
Base: 12 ft  
H Ratio: 3 ft 
V Ratio: 1ft 
Slope: 0.003 ft/ft (minimum) 
Manning’s Coefficient: 0.018 

Using an iterative approach with Manning’s Equation and varying water depth to 
determine maximum flow, the following is determined: 

Storm 
Event 

Water  
Depth 

ft 
Y 

Flow 
Area 
Sq. ft 

A 

Wetted 
Perimeter 

ft 
Wp 

Hydraulic 
Radius 

ft 
R 

Flow 
Velocity 

fps 
U 

Flow 
Max 
cfs 
Q 

25-yr 0.60 8.2 15..8 0.52 2.9 24 
100-yr 1.5 24.9 22.5 1.16 5.0 124 

The maximum water depth the eastern channel design can handle at the channels 
critical depth (minimum depth) is 3 feet in depth.  Therefore, the channel as designed, 
will effectively carry the required flow from the beginning of Reach 4 to Outfall 4 where 
the flow is discharged off-site.  

Western Diversion Channel or Control Berm 
A western diversion channel or control berm will be necessary to carry the flow from 
Reach 6 south along the west side of Trench 13 to Outfall 6, where the flow is 
discharged off-site.  The design criteria will be focused on the critical stage of the 
channel, where slope and channel geometry are at a minimum, which is uniform 
throughout the length of the channel. 
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Initial Conditions: 
Q= 7.0 CFS (25-year, 24-hour) 
Q = 37 CFS (100-year, 24-hour) 
Trapezoidal Channel 
Base: 6 ft  
H Ratio: 3 ft 
V Ratio: 1ft 
Slope: 0.004 ft/ft (minimum) 
Manning’s Coefficient: .018 (conservative) 

Using an iterative approach with Manning’s Equation and varying water depth to 
determine maximum flow, the following is determined: 

Storm 
Event 

Water  
Depth 

ft 
Y 

Flow 
Area 
Sq. ft 

A 

Wetted 
Perimeter 

ft 
Wp 

Hydraulic 
Radius 

ft 
R 

Flow 
Velocity 

fps 
U 

Flow 
cubic 

ft per sec 
Q 

25-yr 0.42 3.1 8.7 0.36 2.3 7.0 
100-yr 1.1 9.8 12.7 .77 3.8 37 

The information above verifies that a channel design with 2.1 feet in depth, a 6 foot wide 
base and 3H:1V sideslopes will effectively convey the required flow from the beginning 
of Reach 6 to Outlet 6 where the flow is discharged off-site.  

Conclusions 

The eastern diversion channel is adequately sized to convey the maximum anticipated 
design flow of the 100-year, 24-hour storm.  A western drainage with 2.1 foot high 
sideslopes at 3H:1V and a 6 foot base or a protective berm at 2 foot high and open to the 
west will provide run-on protection to the western portion of Trench 13.  Annual 
maintenance, or maintenance following heavy precipitation events, might be required to 
mitigate scour and debris build-up which could compromise the effectiveness of the 
diversion channels. 

Diversion Channels 

• The eastern and western diversion channel are designed with a maximum 
of 3:1 sideslopes.  Gentler slopes are acceptable as they increase the 
cross-sectional area of the channel and increase capacity 

• The channel bottom of the eastern channel is modeled at 12 feet wide in 
the base to accommodate construction with a D-9 bulldozer or similar 
equipment.  The channel bottom in the western channel is modeled at 6 feet 
wide to accommodate construction with smaller equipment.  

• The specified geometry of the channel will accommodate a flow greater than 
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that of a 100-year event, providing assurance the channel will operate 
effectively under degraded channel conditions or in larger than design 
precipitation events.   

The locations of the channels are illustrated in Reference 2 of this calculation, and 
additional information on Manning’s Equation is provided in Reference 5.  

The design adequately handles run-on from a 100-year storm event and will handle run-
off following above-grade construction and final closure.   
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CONTROL OF SURFACE WATER IN THE PROPOSED TRENCH 13 DISPOSAL 
AREA 

For the purposes of this calculation, precipitation which falls within the Trench 13 
Horizontal Control Line is grouped into the following four categories: 

• Precipitation on the 0.5H: 1V Trench sidewalls. 
• Precipitation on placed waste. 
• Precipitation within the Trench 13 Horizontal Control Line that by design does not 

contact the placed waste. 
• Precipitation on the interim cover.  

Precipitation which has fallen on the 0.5H: 1V Trench sidewalls will not have contacted 
waste.  This precipitation can be managed separate from that which has contacted waste.  
If Trench sidewall precipitation is captured with a sidewall "rain gutter" (or similar) system, 
it can be diverted for discharge and/or evaporation together with other clean surface-
water.  A rain gutter system could be placed at the base of the sacrificial FML that overlies 
the sidewall liner system.  If allowed to commingle with water that have contacted waste, 
Trench sidewall waters will be managed following appropriate site protocols for contact 
water. 

Precipitation that falls on placed waste will be managed following appropriate site 
protocols for contact water.  Placed waste should be graded so that water run-off in severe 
precipitation events is directed to an in-Trench ponding point located against one of the 
Trench sidewalls, from which it can be removed for proper management. 

Precipitation that falls within the Trench 13 footprint, but which by design does not contact 
place waste, can be handled separately from waters which has contacted waste. 

Precipitation that falls on interim cover or final cover slopes will not have contacted waste.  
It will be discharged and/or evaporated together with other clean surface-water. 

Calculation C.04 evaluates the expected surface-water infiltration and sump removal 
volumes from the 25-year, 24-hour design storm event.   

It is not expected that more than one Phase of Trench 13 will be open at one time with 
exposed waste.  Assuming a 25-year, 24 hour storm were to occur with a full Phase open, 
all surface of the Phase with waste exposed to surface water contact, and the in-place 
waste having no water holding capacity, the event would be expected to generate 
approximately 606,000 gallons of leachate and/or surface water runoff (Phases 13A or 
13E).   

2.26 in × 
1ft

12in × 430,370ft2 ×
7.48gal

1ft3 = 606,000 gallons 
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This situation is considered extremely unlikely because of the arid environment at the 
USEN site.  However, if such an event were to occur, surface-water collection and holding 
units would need to be provided by USEN.  These units must be emptied or otherwise 
managed expeditiously after storms to maintain the design capacity of the system. 
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PF tabular
PDS-based point precipitation frequency estimates with 90% confidence intervals (in inches)1

Duration
Average recurrence interval (years)

1 2 5 10 25 50 100 200 500 1000

5-min 0.108
(0.072-0.109)

0.140
(0.097-0.147)

0.196
(0.148-0.223)

0.244
(0.190-0.289)

0.319
(0.257-0.396)

0.384
(0.312-0.490)

0.459
(0.376-0.606)

0.543
(0.446-0.746)

0.677
(0.557-0.976)

0.795
(0.653-1.20)

10-min 0.165
(0.109-0.166)

0.213
(0.148-0.224)

0.298
(0.225-0.339)

0.372
(0.288-0.439)

0.485
(0.391-0.602)

0.584
(0.474-0.746)

0.699
(0.572-0.923)

0.827
(0.679-1.14)

1.03
(0.848-1.49)

1.21
(0.995-1.82)

15-min 0.205
(0.136-0.206)

0.265
(0.183-0.277)

0.370
(0.279-0.421)

0.461
(0.358-0.545)

0.602
(0.484-0.746)

0.724
(0.588-0.925)

0.866
(0.709-1.14)

1.03
(0.841-1.41)

1.28
(1.05-1.84)

1.50
(1.23-2.26)

30-min 0.276
(0.183-0.278)

0.356
(0.246-0.373)

0.498
(0.376-0.566)

0.621
(0.482-0.734)

0.810
(0.652-1.01)

0.974
(0.792-1.25)

1.17
(0.955-1.54)

1.38
(1.13-1.90)

1.72
(1.42-2.48)

2.02
(1.66-3.04)

60-min 0.341
(0.226-0.344)

0.441
(0.305-0.462)

0.616
(0.465-0.701)

0.768
(0.596-0.908)

1.00
(0.807-1.24)

1.21
(0.980-1.54)

1.44
(1.18-1.91)

1.71
(1.40-2.35)

2.13
(1.75-3.07)

2.50
(2.06-3.76)

2-hr 0.326
(0.275-0.396)

0.438
(0.370-0.538)

0.657
(0.545-0.801)

0.843
(0.694-1.04)

1.15
(0.924-1.41)

1.42
(1.13-1.73)

1.73
(1.36-2.15)

2.11
(1.61-2.63)

2.71
(2.01-3.41)

3.25
(2.34-4.14)

3-hr 0.375
(0.314-0.446)

0.503
(0.426-0.605)

0.728
(0.617-0.881)

0.923
(0.774-1.11)

1.24
(1.02-1.49)

1.51
(1.22-1.82)

1.83
(1.46-2.22)

2.20
(1.73-2.70)

2.80
(2.13-3.49)

3.35
(2.48-4.21)

6-hr 0.469
(0.399-0.558)

0.628
(0.540-0.746)

0.910
(0.778-1.08)

1.15
(0.970-1.35)

1.49
(1.25-1.76)

1.79
(1.48-2.11)

2.14
(1.74-2.54)

2.53
(2.02-3.03)

3.16
(2.47-3.82)

3.72
(2.85-4.55)

12-hr 0.591
(0.502-0.678)

0.785
(0.677-0.917)

1.15
(0.987-1.33)

1.43
(1.23-1.66)

1.84
(1.57-2.13)

2.17
(1.83-2.52)

2.54
(2.12-2.96)

2.94
(2.41-3.45)

3.52
(2.83-4.17)

4.07
(3.23-4.89)

24-hr 0.694
(0.580-0.836)

0.944
(0.787-1.12)

1.39
(1.15-1.66)

1.75
(1.43-2.08)

2.26
(1.83-2.68)

2.68
(2.15-3.17)

3.13
(2.48-3.74)

3.63
(2.82-4.34)

4.35
(3.29-5.24)

4.95
(3.66-6.02)

2-day 0.766
(0.647-0.914)

1.04
(0.877-1.23)

1.54
(1.30-1.82)

1.94
(1.62-2.28)

2.50
(2.07-2.90)

2.97
(2.42-3.45)

3.47
(2.79-4.05)

4.02
(3.14-4.74)

4.81
(3.65-5.77)

5.47
(4.05-6.68)

3-day 0.791
(0.670-0.943)

1.08
(0.909-1.27)

1.60
(1.35-1.88)

2.01
(1.69-2.36)

2.60
(2.15-3.02)

3.09
(2.52-3.59)

3.63
(2.90-4.24)

4.21
(3.29-4.98)

5.06
(3.84-6.09)

5.76
(4.27-7.05)

4-day 0.816
(0.694-0.973)

1.11
(0.941-1.31)

1.65
(1.40-1.93)

2.08
(1.75-2.43)

2.70
(2.24-3.14)

3.22
(2.62-3.73)

3.79
(3.02-4.42)

4.40
(3.45-5.22)

5.30
(4.03-6.40)

6.06
(4.48-7.43)

7-day 0.887
(0.750-1.05)

1.21
(1.03-1.44)

1.83
(1.55-2.14)

2.31
(1.93-2.70)

2.99
(2.47-3.49)

3.56
(2.90-4.15)

4.17
(3.33-4.89)

4.84
(3.79-5.76)

5.80
(4.43-7.03)

6.60
(4.92-8.11)

10-day 0.965
(0.797-1.17)

1.32
(1.10-1.59)

1.99
(1.66-2.37)

2.51
(2.08-2.98)

3.25
(2.65-3.85)

3.86
(3.10-4.61)

4.52
(3.59-5.43)

5.24
(4.08-6.35)

6.27
(4.74-7.73)

7.13
(5.27-8.92)

20-day 1.15
(0.950-1.38)

1.57
(1.31-1.88)

2.35
(1.96-2.79)

2.95
(2.45-3.49)

3.79
(3.13-4.48)

4.48
(3.62-5.31)

5.21
(4.15-6.23)

6.00
(4.70-7.24)

7.11
(5.42-8.72)

8.02
(5.96-9.99)

30-day 1.32
(1.08-1.58)

1.81
(1.48-2.16)

2.72
(2.23-3.23)

3.41
(2.79-4.05)

4.39
(3.56-5.19)

5.17
(4.17-6.14)

6.00
(4.80-7.14)

6.89
(5.42-8.28)

8.14
(6.27-9.95)

9.16
(6.93-11.3)

45-day 1.45
(1.18-1.75)

2.00
(1.63-2.41)

3.07
(2.51-3.67)

3.90
(3.18-4.65)

5.08
(4.08-6.04)

6.03
(4.83-7.20)

7.07
(5.59-8.49)

8.18
(6.38-9.93)

9.78
(7.42-12.1)

11.1
(8.26-13.8)

60-day 1.61
(1.30-1.97)

2.24
(1.81-2.74)

3.48
(2.82-4.20)

4.45
(3.59-5.34)

5.84
(4.65-6.98)

7.00
(5.54-8.39)

8.26
(6.47-9.98)

9.63
(7.42-11.7)

11.6
(8.69-14.3)

13.3
(9.75-16.6)

1 Precipitation frequency (PF) estimates in this table are based on frequency analysis of partial duration series (PDS).
Numbers in parenthesis are PF estimates at lower and upper bounds of the 90% confidence interval. The probability that precipitation frequency estimates (for a 
given duration and average recurrence interval) will be greater than the upper bound (or less than the lower bound) is 5%. Estimates at upper bounds are not 
checked against probable maximum precipitation (PMP) estimates and may be higher than currently valid PMP values.
Please refer to NOAA Atlas 14 document for more information.
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Large scale aerial
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TR-55 Model Input Values and Summary - REFERENCE 3
US Ecology 
Beatty, Nevada

Curve Numbera/ 63
Hydrologic Soil Group A
Rainfallb/ Type II

0.944
1.75
2.26
3.13

MIN=0.1 hr 2-yr 5-yr 25-yr 100-yr
Time of Peak Peak Peak Peak

ID Area Area Concentration Discharge Discharge Discharge Discharge
(ft2) (acres) (hr) (cfs) (cfs) (cfs) (cfs)

N1 485757 11.15 Sheet Flow and Channelized Flow 0.10 0.00 0.00 1.56 6.96
N2 2149023 49.33 See TR-55 Model Runs in Reference 0.10 0.00 0.05 6.92 30.82
N3 484890 11.13 0.10 0.00 0.00 1.56 6.95
N4 35316 0.81 0.10 0.00 0.00 0.11 0.51
N5 96150 2.21 0.10 0.00 0.00 0.31 1.38

N Total 74.64 *Discharge for N-Basins 7.17 42.74

E1 140845 3.23 Sheet Flow and Channelized Flow 0.10 0.00 0.00 0.45 2.02
E2 44684 1.03 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.14 0.64
E3 37303 0.86 0.10 0.00 0.00 0.12 0.54
E4 95608 2.19 0.11 0.00 0.00 0.31 1.37
E5 143031 3.28 0.10 0.00 0.00 0.46 2.05
E6 37957 0.87 0.10 0.00 0.00 0.12 0.54
E7 22125 0.51 0.10 0.00 0.00 0.07 0.32
E8 64515 1.48 0.10 0.00 0.00 0.21 0.92
E9 195452 4.49 0.10 0.00 0.00 0.63 2.81

E Total 17.94 *Discharge for E-Basins 2.47 11.08

SE1 15712 0.36 Sheet Flow and Channelized Flow 0.10 0.00 0.00 0.05 0.22
SE2 47704 1.10 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.15 0.69
SE3 51644 1.19 0.10 0.00 0.00 0.17 0.74
SE4 49715 1.14 0.10 0.00 0.00 0.16 0.71
SE5 79262 1.82 0.10 0.00 0.00 0.25 1.14

SE Total 5.60 *Discharge for SE-Basins 0.77 3.49

EE1 714799 16.41 Sheet Flow and Channelized Flow 0.10 0.00 0.00 2.09 9.86
EE2 880686 20.22 See TR-55 Model Runs in Reference 0.10 0.00 0.00 2.84 12.63
EE3 1095979 25.16 0.10 0.00 0.00 3.05 14.77

EE Total 61.79 *Discharge for EE-Basins 6.77 35.60

SC1 260445 5.98 Sheet Flow and Channelized Flow 0.10 0.00 0.00 0.55 2.93
SC2 699005 16.05 See TR-55 Model Runs in Reference 0.10 0.00 0.00 1.47 7.87
SC3 52536 1.21 0.10 0.00 0.00 0.11 0.59
SC4 259261 5.95 0.10 0.00 0.00 0.55 2.92

SC Total 29.18 *Discharge for SC-Basins 2.58 13.85

SW1 730436 16.77 Sheet Flow and Channelized Flow 0.10 0.00 0.00 2.35 10.45
SW2 775298 17.80 See TR-55 Model Runs in Reference 0.10 0.00 0.00 1.62 8.77
SW3 82208 1.89 0.10 0.00 0.00 0.26 1.18

SW Total 36.45 *Discharge for SW-Basins 3.72 19.52

25yr/24hr (in)

2yr/24hr (in)
10yr/24hr (in)

100yr/24hr (in)



Final Cover Northwest Basins Sheet Flow and Channelized Flow
FC-NW-1 40511 0.93 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.13 0.58
FC-NW-2 37462 0.86 0.10 0.00 0.00 0.12 0.54
FC-NW-3 58806 1.35 0.10 0.00 0.00 0.19 0.84
FC-NW-4 44867 1.03 0.10 0.00 0.00 0.14 0.64
FC-NW-5 67518 1.55 0.10 0.00 0.00 0.22 0.97
FC-NW-6 37897 0.87 0.10 0.00 0.00 0.12 0.54

NW Total 6.59 Discharge to Outfall FC-NW 0.92 4.11

Final Cover Northeast Basins Sheet Flow and Channelized Flow
FC-NE-1 40511 0.93 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.13 0.58
FC-NE-2 37462 0.86 0.10 0.00 0.00 0.12 0.54
FC-NE-3 58806 1.35 0.10 0.00 0.00 0.19 0.84
FC-NE-4 44867 1.03 0.10 0.00 0.00 0.14 0.64
FC-NE-5 67518 1.55 0.10 0.00 0.00 0.22 0.97
FC-NE-6 37897 0.87 0.10 0.00 0.00 0.12 0.54

NE Total 6.59 Discharge to Outfall FC-NE 0.92 4.11

Final Cover East - A - Basins Sheet Flow and Channelized Flow
FC-E-1 42689 0.98 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.14 0.61
FC-E-2 40075 0.92 0.10 0.00 0.00 0.13 0.58
FC-E-3 21344 0.49 0.10 0.00 0.00 0.07 0.31

E-A Total 2.39 Discharge to Outfall FC-E-A 0.33 1.49

Final Cover East - B - Basins Sheet Flow and Channelized Flow
FC-E-4 29185 0.67 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.09 0.42
FC-E-5 44431 1.02 0.10 0.00 0.00 0.14 0.64
FC-E-6 27007 0.62 0.10 0.00 0.00 0.09 0.39
FC-E-7 16553 0.38 0.10 0.00 0.00 0.05 0.24

E-B Total 2.69 Discharge to Outfall FC-E-B 0.38 1.68

Final Cover Southeast Basins Sheet Flow and Channelized Flow
FC-SE-1 25700 0.59 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.08 0.37
FC-SE-2 23958 0.55 0.10 0.00 0.00 0.08 0.34
FC-SE-3 36155 0.83 0.10 0.00 0.00 0.12 0.52
FC-SE-4 25700 0.59 0.10 0.00 0.00 0.08 0.37
FC-SE-5 23087 0.53 0.10 0.00 0.00 0.07 0.33
FC-SE-6 13068 0.30 0.10 0.00 0.00 0.00 0.19
FC-UDE-3 87556 2.01 0.10 0.00 0.00 0.28 1.26
FC-UDE-2 81893 1.88 0.10 0.00 0.00 0.26 1.18
FC-UDE-1 34848 0.80 0.10 0.00 0.00 0.11 0.50

SE Total 8.08 Discharge to Outfall FC-SE 1.08 5.03

Final Cover South B Basins Sheet Flow and Channelized Flow
FC-SB-1 24394 0.56 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.08 0.35
FC-SB-2 21344 0.49 0.10 0.00 0.00 0.07 0.31
FC-SB-3 25700 0.59 0.10 0.00 0.00 0.08 0.37
FC-SB-4 22216 0.51 0.10 0.00 0.00 0.07 0.32
FC-SB-5 13068 0.30 0.10 0.00 0.00 0.00 0.19
FC-SB-6 11761 0.27 0.10 0.00 0.00 0.00 0.17
FC-UD-ME-3 91912 2.11 0.10 0.00 0.00 0.30 1.32
FC-UD-ME-2 91912 2.11 0.10 0.00 0.00 0.30 1.32
FC-UD-ME-1 40946.4 0.94 0.10 0.00 0.00 0.13 0.59

S-B Total 7.88 Discharge to Outfall FC-SB 1.02 4.91



Final Cover South A Basins Sheet Flow and Channelized Flow
FC-SA-1 24394 0.56 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.08 0.35
FC-SA-2 21344 0.49 0.10 0.00 0.00 0.07 0.31
FC-SA-3 25700 0.59 0.10 0.00 0.00 0.08 0.37
FC-SA-4 22216 0.51 0.10 0.00 0.00 0.07 0.32
FC-SA-5 13068 0.30 0.10 0.00 0.00 0.00 0.19
FC-SA-6 11761 0.27 0.10 0.00 0.00 0.00 0.17
FC-UD-MW-3 91912 2.11 0.10 0.00 0.00 0.30 1.32
FC-UD-MW-2 91912 2.11 0.10 0.00 0.00 0.30 1.32
FC-UD-MW-1 40946.4 0.94 0.10 0.00 0.00 0.13 0.59

S-A Total 7.88 Discharge to Outfall FC-SA 1.02 4.91

Final Cover Southwest Basins Sheet Flow and Channelized Flow
FC-SW-1 25700 0.59 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.08 0.37
FC-SW-2 23958 0.55 0.10 0.00 0.00 0.08 0.34
FC-SW-3 36155 0.83 0.10 0.00 0.00 0.12 0.52
FC-SW-4 25700 0.59 0.10 0.00 0.00 0.08 0.37
FC-SW-5 23087 0.53 0.10 0.00 0.00 0.07 0.33
FC-SW-6 13068 0.30 0.10 0.00 0.00 0.00 0.19
FC-UDW-3 87556 2.01 0.10 0.00 0.00 0.28 1.26
FC-UDW-2 81893 1.88 0.10 0.00 0.00 0.26 1.18
FC-UDW-1 34848 0.80 0.10 0.00 0.00 0.11 0.50

SW Total 8.08 Discharge to Outfall FC-SW 1.08 5.03

Final Cover West Basins Sheet Flow and Channelized Flow
FC-W-1 42689 0.98 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.14 0.61
FC-W-2 40075 0.92 0.10 0.00 0.00 0.13 0.58
FC-W-3 21344 0.49 0.10 0.00 0.00 0.07 0.31

W-A Total 2.39 Discharge to Outfall FC-W-A 0.33 1.48

Final Cover West Basins Sheet Flow and Channelized Flow
FC-W-4 29185 0.67 See TR-55 Model Runs in Reference 0.10 0.00 0.00 0.09 0.42
FC-W-5 44431 1.02 0.10 0.00 0.00 0.14 0.64
FC-W-6 27007 0.62 0.10 0.00 0.00 0.09 0.39
FC-W-7 16553 0.38 0.10 0.00 0.00 0.05 0.24

W-B Total 2.69 Discharge to Outfall FC-W-B 0.38 1.68

Outfall Acres
25-yr event 

(cfs)
100-yr event 

(cfs)
1 75 7.2 43
2 93 9.6 54
3 105 11 61
4 210 24 124
5 29 2.6 14
6 71 7.0 37

Notes:
a/ = TR-55 Table 2-2d
b/ = NOAA Atlas 14, Volume 1, Version 5, Amargosa Farms Garey, Station ID: 26-0150
Precipitation Type II Rainfall Distribution
* Discharge values are not a sum of each basin, reach flow path and time of concetration
determine final values for discharge

Discharge



                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CAB                                    Date:        4/1/2016
Project:  USEN                                   Units:       English
SubTitle: Basin Area North N                     Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Stormwater\WinTR55\Basin N.w55

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
N1                                     REACH 1         11.15       63    0.1       
N2                                     REACH 1A        49.33       63    0.1       
N3                                     REACH 1         11.13       63    0.1       
N4                                     REACH 1         0.81        63    0.1       
N5                                     REACH 1         2.21        63    0.1       

Total area: 74.63 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
N1               .00       .00      1.56      6.96

N2               .00      0.05      6.92     30.82

N3               .00       .00      1.56      6.95

N4               .00       .00      0.11      0.51

N5               .00       .00      0.31      1.38

REACHES
REACH 1          .00       .00      3.55     15.80
    Down         .00       .00      3.22     15.18

REACH 1A         .00      0.05      6.92     30.82
    Down         .00      0.05      6.66     30.43

OUTLET           .00      0.05      7.17     42.74
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
N1               .00       .00      1.56      6.96
             n/a       n/a     12.04     12.02

N2               .00      0.05      6.92     30.82
             n/a     23.94     12.04     12.02

N3               .00       .00      1.56      6.95
             n/a       n/a     12.04     12.02

N4               .00       .00      0.11      0.51
             n/a       n/a     12.04     12.02

N5               .00       .00      0.31      1.38
             n/a       n/a     12.04     12.02

REACHES
REACH 1          .00       .00      3.55     15.80
             n/a       n/a     12.04     12.02
    Down         .00       .00      3.22     15.18
             n/a       n/a     12.19     12.12

REACH 1A         .00      0.05      6.92     30.82
             n/a     23.94     12.04     12.02
    Down         .00      0.05      6.66     30.43
             n/a     23.97     12.07     12.04

OUTLET           .00      0.05      7.17     42.74
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
N1              11.15     0.100        63     REACH 1                            
N2              49.33     0.100        63     REACH 1A                           
N3              11.13     0.100        63     REACH 1                            
N4                .81     0.100        63     REACH 1                            
N5               2.21     0.100        63     REACH 1                            

Total Area:   74.63 (ac)
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  REACH 1        Outlet        2700       CHANNEL
  REACH 1A       Outlet        700        CHANNEL
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
N1        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

N2        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

N3        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

N4        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

N5        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
N1        Desert shrub                        (poor)    A         11.15       63 

          Total Area / Weighted Curve Number                      11.15       63 
                                                                  =====       ==

N2        Desert shrub                        (poor)    A         49.33       63 

          Total Area / Weighted Curve Number                      49.33       63 
                                                                  =====       ==

N3        Desert shrub                        (poor)    A         11.13       63 

          Total Area / Weighted Curve Number                      11.13       63 
                                                                  =====       ==

N4        Desert shrub                        (poor)    A           .81       63 

          Total Area / Weighted Curve Number                        .81       63 
                                                                    ===       ==

N5        Natural desert (pervious areas only)          A          2.21       63 

          Total Area / Weighted Curve Number                       2.21       63 
                                                                   ====       ==
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CAB                                  USEN
                              Basin Area North N
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  REACH 1        2700        0.011          0.003           2          3 :1
  REACH 1A       700         0.011          0.003           2          3 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  REACH 1       0.0         0.000           0            2       0.003 
                0.5         6.295         1.8            5
                1.0        26.337           5            8
                2.0       125.558          16           14
                5.0      1167.157          85           32
               10.0      6834.962         320           62
               20.0     41588.589        1240          122

  REACH 1A      0.0         0.000           0            2       0.003 
                0.5         6.295         1.8            5
                1.0        26.337           5            8
                2.0       125.558          16           14
                5.0      1167.157          85           32
               10.0      6834.962         320           62
               20.0     41588.589        1240          122
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        4/1/2016
Project:  USEN                                   Units:       English
SubTitle: Basin Area E                           Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Stormwater\WinTR55\Basin E.w55

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
E1                                     REACH 2         3.23        63    0.1       
E2                                     REACH 2         1.03        63    0.1       
E3                                     REACH 2         0.86        63    0.1       
E4                                     REACH 2         2.19        63    0.1       
E5                                     REACH 2         3.28        63    0.1       
E6                                     REACH 2         0.87        63    0.1       
E7                                     REACH 2         0.51        63    0.1       
E8                                     REACH 2         1.48        63    0.1       
E9                                     REACH 2         4.49        63    0.1       

Total area: 17.94 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
E1               .00       .00      0.45      2.02

E2               .00       .00      0.14      0.64

E3               .00       .00      0.12      0.54

E4               .00       .00      0.31      1.37

E5               .00       .00      0.46      2.05

E6               .00       .00      0.12      0.54

E7               .00       .00      0.07      0.32

E8               .00       .00      0.21      0.92

E9               .00       .00      0.63      2.81

REACHES
REACH 2          .00       .00      2.52     11.21
    Down         .00       .00      2.47     11.08

OUTLET           .00       .00      2.47     11.08
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
E1               .00       .00      0.45      2.02
             n/a       n/a     12.04     12.02

E2               .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

E3               .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

E4               .00       .00      0.31      1.37
             n/a       n/a     12.04     12.02

E5               .00       .00      0.46      2.05
             n/a       n/a     12.04     12.02

E6               .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

E7               .00       .00      0.07      0.32
             n/a       n/a     12.04     12.02

E8               .00       .00      0.21      0.92
             n/a       n/a     12.04     12.02

E9               .00       .00      0.63      2.81
             n/a       n/a     12.04     12.02

REACHES
REACH 2          .00       .00      2.52     11.21
             n/a       n/a     12.04     12.02
    Down         .00       .00      2.47     11.08
             n/a       n/a     12.07     12.04

OUTLET           .00       .00      2.47     11.08
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
E1               3.23     0.100        63     REACH 2                            
E2               1.03     0.100        63     REACH 2                            
E3                .86     0.100        63     REACH 2                            
E4               2.19     0.100        63     REACH 2                            
E5               3.28     0.100        63     REACH 2                            
E6                .87     0.100        63     REACH 2                            
E7                .51     0.100        63     REACH 2                            
E8               1.48     0.100        63     REACH 2                            
E9               4.49     0.100        63     REACH 2                            

Total Area:   17.94 (ac)
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  REACH 2        Outlet        580        CHANNEL
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
E1        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

E2        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

E3        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

E4        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

E5        
  SHEET          100   0.0500     0.011                                    0.026

                                                 Time of Concentration       0.1
                                                                        ========

E6        
  SHEET          100   0.0500     0.011                                    0.026

                                                 Time of Concentration       0.1
                                                                        ========

E7        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

E8        
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

E9        
  SHEET          100   0.0200     0.011                                    0.037

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
E1        Desert shrub                        (poor)    A          3.23       63 

          Total Area / Weighted Curve Number                       3.23       63 
                                                                   ====       ==

E2        Desert shrub                        (poor)    A          1.03       63 

          Total Area / Weighted Curve Number                       1.03       63 
                                                                   ====       ==

E3        Desert shrub                        (poor)    A           .86       63 

          Total Area / Weighted Curve Number                        .86       63 
                                                                    ===       ==

E4        Desert shrub                        (poor)    A          2.19       63 

          Total Area / Weighted Curve Number                       2.19       63 
                                                                   ====       ==

E5        Desert shrub                        (poor)    A          3.28       63 

          Total Area / Weighted Curve Number                       3.28       63 
                                                                   ====       ==

E6        Desert shrub                        (poor)    A           .87       63 

          Total Area / Weighted Curve Number                        .87       63 
                                                                    ===       ==

E7        Desert shrub                        (poor)    A           .51       63 

          Total Area / Weighted Curve Number                        .51       63 
                                                                    ===       ==

E8        Desert shrub                        (poor)    A          1.48       63 

          Total Area / Weighted Curve Number                       1.48       63 
                                                                   ====       ==

E9        Desert shrub                        (poor)    A          4.49       63 

          Total Area / Weighted Curve Number                       4.49       63 
                                                                   ====       ==
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CWK                                  USEN
                                 Basin Area E
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  REACH 2        580         0.011          0.003           2          3 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  REACH 2       0.0         0.000           0            2       0.003 
                0.5         6.295         1.8            5
                1.0        26.337           5            8
                2.0       125.558          16           14
                5.0      1167.157          85           32
               10.0      6834.962         320           62
               20.0     41588.589        1240          122
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     JTP                                    Date:        4/1/2016
Project:  USEN                                   Units:       English
SubTitle: Basin Area SE                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Stormwater\WinTR55\Basin SE.w55

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
SE1                                    Reach 3         0.36        63    0.1       
SE2                                    Reach 3         1.1         63    0.1       
SE3                                    Reach 3         1.19        63    0.1       
SE4                                    Reach 3         1.14        63    0.1       
SE5                                    Reach 3         1.82        63    0.1       

Total area: 5.61 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
SE1              .00       .00      0.05      0.22

SE2              .00       .00      0.15      0.69

SE3              .00       .00      0.17      0.74

SE4              .00       .00      0.16      0.71

SE5              .00       .00      0.25      1.14

REACHES
Reach 3          .00       .00      0.79      3.50
    Down         .00       .00      0.77      3.49

OUTLET           .00       .00      0.77      3.49
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
SE1              .00       .00      0.05      0.22
             n/a       n/a     12.04     12.02

SE2              .00       .00      0.15      0.69
             n/a       n/a     12.04     12.02

SE3              .00       .00      0.17      0.74
             n/a       n/a     12.04     12.02

SE4              .00       .00      0.16      0.71
             n/a       n/a     12.04     12.02

SE5              .00       .00      0.25      1.14
             n/a       n/a     12.04     12.02

REACHES
Reach 3          .00       .00      0.79      3.50
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.77      3.49
             n/a       n/a     12.07     12.05

OUTLET           .00       .00      0.77      3.49
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
SE1               .36     0.100        63     Reach 3                            
SE2              1.10     0.100        63     Reach 3                            
SE3              1.19     0.100        63     Reach 3                            
SE4              1.14     0.100        63     Reach 3                            
SE5              1.82     0.100        63     Reach 3                            

Total Area:   5.61 (ac)
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  Reach 3        Outlet        800        CHANNEL
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
SE1       
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

SE2       
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

SE3       
  SHEET          100   0.0500     0.011                                    0.026

                                                 Time of Concentration       0.1
                                                                        ========

SE4       
  SHEET          100   0.0500     0.011                                    0.026

                                                 Time of Concentration       0.1
                                                                        ========

SE5       
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
SE1       Desert shrub                        (poor)    A           .36       63 

          Total Area / Weighted Curve Number                        .36       63 
                                                                    ===       ==

SE2       Desert shrub                        (poor)    A           1.1       63 

          Total Area / Weighted Curve Number                        1.1       63 
                                                                    ===       ==

SE3       Desert shrub                        (poor)    A          1.19       63 

          Total Area / Weighted Curve Number                       1.19       63 
                                                                   ====       ==

SE4       Desert shrub                        (poor)    A          1.14       63 

          Total Area / Weighted Curve Number                       1.14       63 
                                                                   ====       ==

SE5       Desert shrub                        (poor)    A          1.82       63 

          Total Area / Weighted Curve Number                       1.82       63 
                                                                   ====       ==
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JTP                                  USEN
                                 Basin Area SE
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  Reach 3        800         0.011          0.005           3          3 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  Reach 3       0.0         0.000           0            3       0.005 
                0.5        10.980         2.3            6
                1.0        42.718           6            9
                2.0       188.758          18           15
                5.0      1625.327          90           33
               10.0      9194.537         330           63
               20.0     54857.424        1260          123
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        4/1/2016
Project:  USEN                                   Units:       English
SubTitle: Basin Area North EE                    Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Stormwater\WinTR55\Basin EE.w55

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
EE1                                    REACH 4A        16.41       63    0.1       
EE2                                    REACH 4A        20.22       63    0.1       
EE3                                    REACH 4B        25.16       63    0.1       

Total area: 61.79 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                  USEN
                             Basin Area North EE
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                  USEN
                             Basin Area North EE
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
EE1             16.41     0.100        63     REACH 4A                           
EE2             20.22     0.100        63     REACH 4A                           
EE3             25.16     0.100        63     REACH 4B                           

Total Area:   61.79 (ac)
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CWK                                  USEN
                             Basin Area North EE
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  REACH 4A       REACH 4B      1054       CHANNEL
  REACH 4B       Outlet        1780       CHANNEL
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CWK                                  USEN
                             Basin Area North EE
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
EE1       
  SHEET          100   0.0030     0.011                                    0.079

                                                 Time of Concentration       0.1
                                                                        ========

EE2       
  SHEET          100   0.0030     0.011                                    0.079

                                                 Time of Concentration       0.1
                                                                        ========

EE3       
  SHEET          100   0.0030     0.011                                    0.079

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                                  USEN
                             Basin Area North EE
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
EE1       Desert shrub                        (poor)    A         16.41       63 

          Total Area / Weighted Curve Number                      16.41       63 
                                                                  =====       ==

EE2       Desert shrub                        (poor)    A         20.22       63 

          Total Area / Weighted Curve Number                      20.22       63 
                                                                  =====       ==

EE3       Desert shrub                        (poor)    A         25.16       63 

          Total Area / Weighted Curve Number                      25.16       63 
                                                                  =====       ==
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CWK                                  USEN
                             Basin Area North EE
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  REACH 4A       1054        0.011          0.003           12         2 :1
  REACH 4B       1780        0.011          0.003           12         2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  REACH 4A      0.0         0.000           0           12       0.003 
                0.5        28.518         6.5           14
                1.0        92.947          14           16
                2.0       314.094          32           20
                5.0      1767.937         110           32
               10.0      7503.645         320           52
               20.0     36315.754        1040           92

  REACH 4B      0.0         0.000           0           12       0.003 
                0.5        28.518         6.5           14
                1.0        92.947          14           16
                2.0       314.094          32           20
                5.0      1767.937         110           32
               10.0      7503.645         320           52
               20.0     36315.754        1040           92
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        4/1/2016
Project:  USEN                                   Units:       English
SubTitle: Basin Area SC                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Stormwater\WinTR55\SC Basins.w55

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
SC1                                    REACH 5         5.98        63    0.1       
SC2                                    REACH 5         16.05       63    0.1       
SC3                                    REACH 5         1.21        63    0.1       
SC4                                    REACH 5         5.95        63    0.1       

Total area: 29.19 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  delmarva
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  delmarva
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
SC1              .00       .00      0.55      2.93

SC2              .00       .00      1.47      7.87

SC3              .00       .00      0.11      0.59

SC4              .00       .00      0.55      2.92

REACHES
REACH 5          .00       .00      2.68     14.32
    Down         .00       .00      2.58     13.85

OUTLET           .00       .00      2.58     13.85
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
SC1              .00       .00      0.55      2.93
             n/a       n/a     12.04     12.02

SC2              .00       .00      1.47      7.87
             n/a       n/a     12.04     12.02

SC3              .00       .00      0.11      0.59
             n/a       n/a     12.04     12.02

SC4              .00       .00      0.55      2.92
             n/a       n/a     12.04     12.02

REACHES
REACH 5          .00       .00      2.68     14.32
             n/a       n/a     12.04     12.02
    Down         .00       .00      2.58     13.85
             n/a       n/a     12.16     12.11

OUTLET           .00       .00      2.58     13.85
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
SC1              5.98     0.100        63     REACH 5                            
SC2             16.05     0.100        63     REACH 5                            
SC3              1.21     0.100        63     REACH 5                            
SC4              5.95     0.100        63     REACH 5                            

Total Area:   29.19 (ac)
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  REACH 5        Outlet        2000       CHANNEL
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
SC1       
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

SC2       
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

SC3       
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

SC4       
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
SC1       Desert shrub                        (poor)    A          5.98       63 

          Total Area / Weighted Curve Number                       5.98       63 
                                                                   ====       ==

SC2       Desert shrub                        (poor)    A         16.05       63 

          Total Area / Weighted Curve Number                      16.05       63 
                                                                  =====       ==

SC3       Desert shrub                        (poor)    A          1.21       63 

          Total Area / Weighted Curve Number                       1.21       63 
                                                                   ====       ==

SC4       Desert shrub                        (poor)    A          5.95       63 

          Total Area / Weighted Curve Number                       5.95       63 
                                                                   ====       ==
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CWK                                  USEN
                                 Basin Area SC
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  REACH 5        2000        0.011          0.003           2          3 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  REACH 5       0.0         0.000           0            2       0.003 
                0.5         6.295         1.8            5
                1.0        26.337           5            8
                2.0       125.558          16           14
                5.0      1167.157          85           32
               10.0      6834.962         320           62
               20.0     41588.589        1240          122
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        4/1/2016
Project:  USEN                                   Units:       English
SubTitle: Basin SW                               Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Stormwater\WinTR55\Basin SW.w55

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
SW 1                                   REACH 6         16.77       63    0.1       
SW 2                                   REACH 6         17.8        63    0.1       
SW 3                                   REACH 6         1.89        63    0.1       

Total area: 36.46 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                  USEN
                                   Basin SW
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        10-Yr       25-Yr       50-Yr       100-Yr      1-Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        1.75        2.26        2.68        3.13         .69     

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>

WinTR-55, Version 1.00.10 Page  1 4/1/2016 2:46:18 PM 

REFERENCE 3



REFERENCE 3



REFERENCE 3



CWK                                  USEN
                                   Basin SW
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
SW 1            16.77     0.100        63     REACH 6                            
SW 2            17.80     0.100        63     REACH 6                            
SW 3             1.89     0.100        63     REACH 6                            

Total Area:   36.46 (ac)
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CWK                                  USEN
                                   Basin SW
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  REACH 6        Outlet        1780       CHANNEL
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CWK                                  USEN
                                   Basin SW
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
SW 1      
  SHEET          100   0.0200     0.011                                    0.037

                                                 Time of Concentration       0.1
                                                                        ========

SW 2      
  SHEET          100   0.0200     0.011                                    0.037

                                                 Time of Concentration       0.1
                                                                        ========

SW 3      
  SHEET          100   0.0200     0.011                                    0.037

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                                  USEN
                                   Basin SW
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
SW 1      Desert shrub                        (poor)    A         16.77       63 

          Total Area / Weighted Curve Number                      16.77       63 
                                                                  =====       ==

SW 2      Desert shrub                        (poor)    A          17.8       63 

          Total Area / Weighted Curve Number                       17.8       63 
                                                                   ====       ==

SW 3      Desert shrub                        (poor)    A          1.89       63 

          Total Area / Weighted Curve Number                       1.89       63 
                                                                   ====       ==
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CWK                                  USEN
                                   Basin SW
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  REACH 6        1780        0.011          0.003           3          3 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  REACH 6       0.0         0.000           0            3       0.003 
                0.5         5.772         1.5            3
                1.0        15.791           3            3
                2.0        40.060           6            3
                5.0       122.098          15            3
               10.0       264.995          30            3
               20.0       554.362          60            3
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:                                         Units:       English
SubTitle: OUTFALL FC-NW                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-NW-1                                FLUME NW-A      0.93        63    0.1       
FC-NW-2                                FLUME NW-A      0.86        63    0.1       
FC-NW-3                                FLUME NW-B      1.35        63    0.1       
FC-NW-4                                FLUME NW-B      1.03        63    0.1       
FC-NW-5                                Outlet          1.55        63    0.1       
FC-NW-6                                Outlet          0.87        63    0.1       

Total area: 6.59 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-NW-1          .00       .00      0.13      0.58

FC-NW-2          .00       .00      0.12      0.54

FC-NW-3          .00       .00      0.19      0.84

FC-NW-4          .00       .00      0.14      0.64

FC-NW-5          .00       .00      0.22      0.97

FC-NW-6          .00       .00      0.12      0.54

REACHES
FLUME NW-B       .00       .00      0.58      2.60
    Down         .00       .00      0.58      2.60

FLUME NW-A       .00       .00      0.25      1.12
    Down         .00       .00      0.25      1.12

OUTLET           .00       .00      0.92      4.11
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-NW-1          .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-NW-2          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

FC-NW-3          .00       .00      0.19      0.84
             n/a       n/a     12.04     12.02

FC-NW-4          .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-NW-5          .00       .00      0.22      0.97
             n/a       n/a     12.04     12.02

FC-NW-6          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

REACHES
FLUME NW-B       .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02

FLUME NW-A       .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      0.92      4.11
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-NW-1           .93     0.100        63     FLUME NW-A                         
FC-NW-2           .86     0.100        63     FLUME NW-A                         
FC-NW-3          1.35     0.100        63     FLUME NW-B                         
FC-NW-4          1.03     0.100        63     FLUME NW-B                         
FC-NW-5          1.55     0.100        63     Outlet                             
FC-NW-6           .87     0.100        63     Outlet                             

Total Area:   6.59 (ac)
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME NW-B     Outlet        80         CHANNEL
  FLUME NW-A     FLUME NW-B    100        CHANNEL
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-NW-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        495   0.0200     0.023     10.00     10.79     8.594      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        610   0.0200     0.023     10.00     10.79     8.918      0.019

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-NW-1   Desert shrub                        (poor)    A           .93       63 

          Total Area / Weighted Curve Number                        .93       63 
                                                                    ===       ==

FC-NW-2   Desert shrub                        (poor)    A           .86       63 

          Total Area / Weighted Curve Number                        .86       63 
                                                                    ===       ==

FC-NW-3   Desert shrub                        (poor)    A          1.35       63 

          Total Area / Weighted Curve Number                       1.35       63 
                                                                   ====       ==

FC-NW-4   Desert shrub                        (poor)    A          1.03       63 

          Total Area / Weighted Curve Number                       1.03       63 
                                                                   ====       ==

FC-NW-5   Desert shrub                        (poor)    A          1.55       63 

          Total Area / Weighted Curve Number                       1.55       63 
                                                                   ====       ==

FC-NW-6   Desert shrub                        (poor)    A           .87       63 

          Total Area / Weighted Curve Number                        .87       63 
                                                                    ===       ==
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME NW-B     80          0.036          0.33            4          2 :1
  FLUME NW-A     100         0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME NW-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME NW-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:                                         Units:       English
SubTitle: OUTFALL FC-NE                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-NE-1                                FLUME NE-A      0.93        63    0.1       
FC-NE-2                                FLUME NE-A      0.86        63    0.1       
FC-NE-3                                FLUME NE-B      1.35        63    0.1       
FC-NE-4                                FLUME NE-B      1.03        63    0.1       
FC-NE-5                                Outlet          1.55        63    0.1       
FC-NE-6                                Outlet          0.87        63    0.1       

Total area: 6.59 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-NE-1          .00       .00      0.13      0.58

FC-NE-2          .00       .00      0.12      0.54

FC-NE-3          .00       .00      0.19      0.84

FC-NE-4          .00       .00      0.14      0.64

FC-NE-5          .00       .00      0.22      0.97

FC-NE-6          .00       .00      0.12      0.54

REACHES
FLUME NE-B       .00       .00      0.58      2.60
    Down         .00       .00      0.58      2.60

FLUME NE-A       .00       .00      0.25      1.12
    Down         .00       .00      0.25      1.12

OUTLET           .00       .00      0.92      4.11
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-NE-1          .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-NE-2          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

FC-NE-3          .00       .00      0.19      0.84
             n/a       n/a     12.04     12.02

FC-NE-4          .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-NE-5          .00       .00      0.22      0.97
             n/a       n/a     12.04     12.02

FC-NE-6          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

REACHES
FLUME NE-B       .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02

FLUME NE-A       .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      0.92      4.11
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-NE-1           .93     0.100        63     FLUME NE-A                         
FC-NE-2           .86     0.100        63     FLUME NE-A                         
FC-NE-3          1.35     0.100        63     FLUME NE-B                         
FC-NE-4          1.03     0.100        63     FLUME NE-B                         
FC-NE-5          1.55     0.100        63     Outlet                             
FC-NE-6           .87     0.100        63     Outlet                             

Total Area:   6.59 (ac)
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME NE-B     Outlet        80         CHANNEL
  FLUME NE-A     FLUME NE-B    100        CHANNEL
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-NE-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        495   0.0200     0.023     10.00     10.79     8.594      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        610   0.0200     0.023     10.00     10.79     8.918      0.019

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-NE-1   Desert shrub                        (poor)    A           .93       63 

          Total Area / Weighted Curve Number                        .93       63 
                                                                    ===       ==

FC-NE-2   Desert shrub                        (poor)    A           .86       63 

          Total Area / Weighted Curve Number                        .86       63 
                                                                    ===       ==

FC-NE-3   Desert shrub                        (poor)    A          1.35       63 

          Total Area / Weighted Curve Number                       1.35       63 
                                                                   ====       ==

FC-NE-4   Desert shrub                        (poor)    A          1.03       63 

          Total Area / Weighted Curve Number                       1.03       63 
                                                                   ====       ==

FC-NE-5   Desert shrub                        (poor)    A          1.55       63 

          Total Area / Weighted Curve Number                       1.55       63 
                                                                   ====       ==

FC-NE-6   Desert shrub                        (poor)    A           .87       63 

          Total Area / Weighted Curve Number                        .87       63 
                                                                    ===       ==
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME NE-B     80          0.036          0.33            4          2 :1
  FLUME NE-A     100         0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME NE-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME NE-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-E-A                         Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-E1                                  UpperDitch      0.98        63    0.1       
FC-E2                                  LowerDitch      0.92        63    0.1       
FC-E3                                  Outlet          0.49        63    0.1       

Total area: 2.39 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-E1            .00       .00      0.14      0.61

FC-E2            .00       .00      0.13      0.58

FC-E3            .00       .00      0.07      0.31

REACHES
LowerDitch       .00       .00      0.26      1.18
    Down         .00       .00      0.26      1.18

UpperDitch       .00       .00      0.14      0.61
    Down         .00       .00      0.14      0.61

OUTLET           .00       .00      0.33      1.48
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-E1            .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02

FC-E2            .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-E3            .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

REACHES
LowerDitch       .00       .00      0.26      1.18
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.26      1.18
             n/a       n/a     12.00     12.04

UpperDitch       .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.14      0.61
             n/a       n/a     11.99     12.03

OUTLET           .00       .00      0.33      1.48
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-E1             .98     0.100        63     UpperDitch                         
FC-E2             .92     0.100        63     LowerDitch                         
FC-E3             .49     0.100        63     Outlet                             

Total Area:   2.39 (ac)
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  LowerDitch     Outlet        296        CHANNEL
  UpperDitch     LowerDitch    299        CHANNEL
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-E1     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        406   0.0200     0.023     10.00     10.79     8.675      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-E2     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        209   0.0200     0.023     10.00     10.79     8.294      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-E3     
  SHEET          100   0.3330     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-E1     Desert shrub                        (poor)    A           .98       63 

          Total Area / Weighted Curve Number                        .98       63 
                                                                    ===       ==

FC-E2     Desert shrub                        (poor)    A           .92       63 

          Total Area / Weighted Curve Number                        .92       63 
                                                                    ===       ==

FC-E3     Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  LowerDitch     296         0.036          0.1             0.3        2 :1
  UpperDitch     299         0.036          0.1             0.3        2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  LowerDitch    0.0         0.000           0          0.3       0.1 
                0.5         3.250         0.6          2.3
                1.0        17.917         2.3          4.3
                2.0       105.294         8.5          8.3
                5.0      1154.331        51.3         20.3
               10.0      7207.766       202.5         40.3
               20.0     45380.713         805         80.3

  UpperDitch    0.0         0.000           0          0.3       0.1 
                0.5         3.250         0.6          2.3
                1.0        17.917         2.3          4.3
                2.0       105.294         8.5          8.3
                5.0      1154.331        51.3         20.3
               10.0      7207.766       202.5         40.3
               20.0     45380.713         805         80.3
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: FC-E-B                                 Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-E4                                  FLUME EAST      0.67        63    0.1       
FC-E5                                  Outlet          1.02        63    0.1       
FC-E6                                  Outlet          0.62        63    0.1       
FC-E7                                  Outlet          0.38        63    0.1       

Total area: 2.69 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-E4            .00       .00      0.09      0.42

FC-E5            .00       .00      0.14      0.64

FC-E6            .00       .00      0.09      0.39

FC-E7            .00       .00      0.05      0.24

REACHES
FLUME EAST       .00       .00      0.09      0.42
    Down         .00       .00      0.09      0.42

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-E4            .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02

FC-E5            .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-E6            .00       .00      0.09      0.39
             n/a       n/a     12.04     12.02

FC-E7            .00       .00      0.05      0.24
             n/a       n/a     12.04     12.02

REACHES
FLUME EAST       .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.09      0.42
             n/a       n/a     11.99     12.02

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-E4             .67     0.100        63     FLUME EAST                         
FC-E5            1.02     0.100        63     Outlet                             
FC-E6             .62     0.100        63     Outlet                             
FC-E7             .38     0.100        63     Outlet                             

Total Area:   2.69 (ac)
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME EAST     Outlet        90         CHANNEL
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-E4     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        444   0.0200     0.023     10.00     10.79     8.810      0.014

                                                 Time of Concentration       0.1
                                                                        ========

FC-E5     
  SHEET          100   0.3330     0.011                                    0.012
  CHANNEL        512   0.0200     0.023     10.00     10.79     8.889      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-E6     
  SHEET           90   0.3330     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========

FC-E7     
  SHEET           90   0.3300     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-E4     Desert shrub                        (poor)    A           .67       63 

          Total Area / Weighted Curve Number                        .67       63 
                                                                    ===       ==

FC-E5     Desert shrub                        (poor)    A          1.02       63 

          Total Area / Weighted Curve Number                       1.02       63 
                                                                   ====       ==

FC-E6     Desert shrub                        (poor)    A           .62       63 

          Total Area / Weighted Curve Number                        .62       63 
                                                                    ===       ==

FC-E7     Desert shrub                        (poor)    A           .38       63 

          Total Area / Weighted Curve Number                        .38       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME EAST     90          0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME EAST    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: Outfall FC-SE                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SE-1                                FLUME SE-B      0.59        63    0.1       
FC-SE-2                                FLUME SE-B      0.55        63    0.1       
FC-SE-3                                FLUME SE-A      0.83        63    0.1       
FC-SE-4                                FLUME SE-A      0.59        63    0.1       
FC-SE-5                                Outlet          0.53        63    0.1       
FC-SE-6                                Outlet          0.3         63    0.1       
FC-UDE-3                               FLUME SE-C      2.01        63    0.1       
FC-UDE-2                               FLUME SE-D      1.88        63    0.1       
FC-UDE-1                               FLUME SE-E      0.8         63    0.1       

Total area: 8.08 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SE-1          .00       .00      0.08      0.37

FC-SE-2          .00       .00      0.08      0.34

FC-SE-3          .00       .00      0.12      0.52

FC-SE-4          .00       .00      0.08      0.37

FC-SE-5          .00       .00      0.07      0.33

FC-SE-6          .00       .00       .00      0.19

FC-UDE-3         .00       .00      0.28      1.26

FC-UDE-2         .00       .00      0.26      1.18

FC-UDE-1         .00       .00      0.11      0.50

REACHES
FLUME SE-A       .00       .00      1.01      4.52
    Down         .00       .00      1.01      4.52

FLUME SE-B       .00       .00      0.81      3.63
    Down         .00       .00      0.81      3.63

FLUME SE-C       .00       .00      0.66      2.92
    Down         .00       .00      0.66      2.92

FLUME SE-D       .00       .00      0.38      1.67
    Down         .00       .00      0.38      1.67

FLUME SE-E       .00       .00      0.11      0.50
    Down         .00       .00      0.11      0.50

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SE-1          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SE-2          .00       .00      0.08      0.34
             n/a       n/a     12.04     12.02

FC-SE-3          .00       .00      0.12      0.52
             n/a       n/a     12.04     12.02

FC-SE-4          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SE-5          .00       .00      0.07      0.33
             n/a       n/a     12.04     12.02

FC-SE-6          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-UDE-3         .00       .00      0.28      1.26
             n/a       n/a     12.04     12.02

FC-UDE-2         .00       .00      0.26      1.18
             n/a       n/a     12.04     12.02

FC-UDE-1         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

REACHES
FLUME SE-A       .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02

FLUME SE-B       .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02

FLUME SE-C       .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02

FLUME SE-D       .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02

FLUME SE-E       .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SE-1           .59     0.100        63     FLUME SE-B                         
FC-SE-2           .55     0.100        63     FLUME SE-B                         
FC-SE-3           .83     0.100        63     FLUME SE-A                         
FC-SE-4           .59     0.100        63     FLUME SE-A                         
FC-SE-5           .53     0.100        63     Outlet                             
FC-SE-6           .30     0.100        63     Outlet                             
FC-UDE-3         2.01     0.100        63     FLUME SE-C                         
FC-UDE-2         1.88     0.100        63     FLUME SE-D                         
FC-UDE-1          .80     0.100        63     FLUME SE-E                         

Total Area:   8.08 (ac)
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SE-A     Outlet        50         CHANNEL
  FLUME SE-B     FLUME SE-A    100        CHANNEL
  FLUME SE-C     FLUME SE-B    80         CHANNEL
  FLUME SE-D     FLUME SE-C    200        CHANNEL
  FLUME SE-E     FLUME SE-D    200        CHANNEL
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SE-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        296   0.0200     0.023     10.00     10.79     9.136      0.009

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        393   0.0200     0.023     10.00     10.79     8.397      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDE-3  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDE-2  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDE-1  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SE-1   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SE-2   Desert shrub                        (poor)    A           .55       63 

          Total Area / Weighted Curve Number                        .55       63 
                                                                    ===       ==

FC-SE-3   Desert shrub                        (poor)    A           .83       63 

          Total Area / Weighted Curve Number                        .83       63 
                                                                    ===       ==

FC-SE-4   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SE-5   Desert shrub                        (poor)    A           .53       63 

          Total Area / Weighted Curve Number                        .53       63 
                                                                    ===       ==

FC-SE-6   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-UDE-3  Desert shrub                        (poor)    A          2.01       63 

          Total Area / Weighted Curve Number                       2.01       63 
                                                                   ====       ==

FC-UDE-2  Desert shrub                        (poor)    A          1.88       63 

          Total Area / Weighted Curve Number                       1.88       63 
                                                                   ====       ==

FC-UDE-1  Desert shrub                        (poor)    A            .8       63 

          Total Area / Weighted Curve Number                         .8       63 
                                                                     ==       ==
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SE-A     50          0.036          0.33            4          2 :1
  FLUME SE-B     100         0.036          0.33            4          2 :1
  FLUME SE-C     80          0.036          0.33            4          2 :1
  FLUME SE-D     200         0.023          0.05            4          2 :1
  FLUME SE-E     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SE-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SE-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SE-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SE-D    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SE-E    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-SB                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SB-1                                FLUME SB-D      0.56        63    0.1       
FC-SB-2                                FLUME SB-D      0.49        63    0.1       
FC-SB-3                                FLUME SB-E      0.59        63    0.1       
FC-SB-4                                FLUME SB-E      0.51        63    0.1       
FC-SB-5                                Outlet          0.3         63    0.1       
FC-SB-6                                Outlet          0.27        63    0.1       
FC-UD-ME-3                             FLUME SB-C      2.11        63    0.1       
FC-UD-ME-2                             FLUME SB-B      2.11        63    0.1       
FC-UD-ME-1                             FLUME SB-A      0.94        63    0.1       

Total area: 7.88 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SB-1          .00       .00      0.08      0.35

FC-SB-2          .00       .00      0.07      0.31

FC-SB-3          .00       .00      0.08      0.37

FC-SB-4          .00       .00      0.07      0.32

FC-SB-5          .00       .00       .00      0.19

FC-SB-6          .00       .00       .00      0.17

FC-UD-ME-3       .00       .00      0.30      1.32

FC-UD-ME-2       .00       .00      0.30      1.32

FC-UD-ME-1       .00       .00      0.13      0.59

REACHES
FLUME SB-E       .00       .00      1.02      4.56
    Down         .00       .00      1.02      4.56

FLUME SB-D       .00       .00      0.87      3.88
    Down         .00       .00      0.87      3.88

FLUME SB-C       .00       .00      0.72      3.22
    Down         .00       .00      0.72      3.22

FLUME SB-B       .00       .00      0.43      1.91
    Down         .00       .00      0.43      1.90

FLUME SB-A       .00       .00      0.13      0.59
    Down         .00       .00      0.13      0.59

OUTLET           .00       .00      1.02      4.91

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:07:28 AM 

REFERENCE 3



CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SB-1          .00       .00      0.08      0.35
             n/a       n/a     12.04     12.02

FC-SB-2          .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

FC-SB-3          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SB-4          .00       .00      0.07      0.32
             n/a       n/a     12.04     12.02

FC-SB-5          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-SB-6          .00       .00       .00      0.17
             n/a       n/a       n/a     12.02

FC-UD-ME-3       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-ME-2       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-ME-1       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

REACHES
FLUME SB-E       .00       .00      1.02      4.56
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.02      4.56
             n/a       n/a     12.03     12.02

FLUME SB-D       .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02

FLUME SB-C       .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02

FLUME SB-B       .00       .00      0.43      1.91
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.43      1.90
             n/a       n/a     12.04     12.02

FLUME SB-A       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.02      4.91
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SB-1           .56     0.100        63     FLUME SB-D                         
FC-SB-2           .49     0.100        63     FLUME SB-D                         
FC-SB-3           .59     0.100        63     FLUME SB-E                         
FC-SB-4           .51     0.100        63     FLUME SB-E                         
FC-SB-5           .30     0.100        63     Outlet                             
FC-SB-6           .27     0.100        63     Outlet                             
FC-UD-ME-3       2.11     0.100        63     FLUME SB-C                         
FC-UD-ME-2       2.11     0.100        63     FLUME SB-B                         
FC-UD-ME-1        .94     0.100        63     FLUME SB-A                         

Total Area:   7.88 (ac)
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SB-E     Outlet        50         CHANNEL
  FLUME SB-D     FLUME SB-E    100        CHANNEL
  FLUME SB-C     FLUME SB-D    80         CHANNEL
  FLUME SB-B     FLUME SB-C    200        CHANNEL
  FLUME SB-A     FLUME SB-B    200        CHANNEL
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SB-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-ME-3
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-ME-2
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-ME-1
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SB-1   Desert shrub                        (poor)    A           .56       63 

          Total Area / Weighted Curve Number                        .56       63 
                                                                    ===       ==

FC-SB-2   Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==

FC-SB-3   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SB-4   Desert shrub                        (poor)    A           .51       63 

          Total Area / Weighted Curve Number                        .51       63 
                                                                    ===       ==

FC-SB-5   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-SB-6   Desert shrub                        (poor)    A           .27       63 

          Total Area / Weighted Curve Number                        .27       63 
                                                                    ===       ==

FC-UD-ME-3Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-ME-2Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-ME-1Desert shrub                        (poor)    A           .94       63 

          Total Area / Weighted Curve Number                        .94       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SB-E     50          0.036          0.33            4          2 :1
  FLUME SB-D     100         0.036          0.33            4          2 :1
  FLUME SB-C     80          0.036          0.33            4          2 :1
  FLUME SB-B     200         0.023          0.05            4          2 :1
  FLUME SB-A     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SB-E    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SB-D    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SB-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SB-B    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SB-A    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-SA                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SA-1                                FLUME SA-D      0.56        63    0.1       
FC-SA-2                                FLUME SA-D      0.49        63    0.1       
FC-SA-3                                FLUME SA-E      0.59        63    0.1       
FC-SA-4                                FLUME SA-E      0.51        63    0.1       
FC-SA-5                                Outlet          0.3         63    0.1       
FC-SA-6                                Outlet          0.27        63    0.1       
FC-UD-MW-3                             FLUME SA-C      2.11        63    0.1       
FC-UD-MW-2                             FLUME SA-B      2.11        63    0.1       
FC-UD-MW-1                             FLUME SA-A      0.94        63    0.1       

Total area: 7.88 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SA-1          .00       .00      0.08      0.35

FC-SA-2          .00       .00      0.07      0.31

FC-SA-3          .00       .00      0.08      0.37

FC-SA-4          .00       .00      0.07      0.32

FC-SA-5          .00       .00       .00      0.19

FC-SA-6          .00       .00       .00      0.17

FC-UD-MW-3       .00       .00      0.30      1.32

FC-UD-MW-2       .00       .00      0.30      1.32

FC-UD-MW-1       .00       .00      0.13      0.59

REACHES
FLUME SA-E       .00       .00      1.02      4.56
    Down         .00       .00      1.02      4.56

FLUME SA-D       .00       .00      0.87      3.88
    Down         .00       .00      0.87      3.88

FLUME SA-C       .00       .00      0.72      3.22
    Down         .00       .00      0.72      3.22

FLUME SA-B       .00       .00      0.43      1.91
    Down         .00       .00      0.43      1.90

FLUME SA-A       .00       .00      0.13      0.59
    Down         .00       .00      0.13      0.59

OUTLET           .00       .00      1.02      4.91
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SA-1          .00       .00      0.08      0.35
             n/a       n/a     12.04     12.02

FC-SA-2          .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

FC-SA-3          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SA-4          .00       .00      0.07      0.32
             n/a       n/a     12.04     12.02

FC-SA-5          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-SA-6          .00       .00       .00      0.17
             n/a       n/a       n/a     12.02

FC-UD-MW-3       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-MW-2       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-MW-1       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

REACHES
FLUME SA-E       .00       .00      1.02      4.56
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.02      4.56
             n/a       n/a     12.03     12.02

FLUME SA-D       .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02

FLUME SA-C       .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02

FLUME SA-B       .00       .00      0.43      1.91
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.43      1.90
             n/a       n/a     12.04     12.02

FLUME SA-A       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.02      4.91
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SA-1           .56     0.100        63     FLUME SA-D                         
FC-SA-2           .49     0.100        63     FLUME SA-D                         
FC-SA-3           .59     0.100        63     FLUME SA-E                         
FC-SA-4           .51     0.100        63     FLUME SA-E                         
FC-SA-5           .30     0.100        63     Outlet                             
FC-SA-6           .27     0.100        63     Outlet                             
FC-UD-MW-3       2.11     0.100        63     FLUME SA-C                         
FC-UD-MW-2       2.11     0.100        63     FLUME SA-B                         
FC-UD-MW-1        .94     0.100        63     FLUME SA-A                         

Total Area:   7.88 (ac)
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SA-E     Outlet        50         CHANNEL
  FLUME SA-D     FLUME SA-E    100        CHANNEL
  FLUME SA-C     FLUME SA-D    80         CHANNEL
  FLUME SA-B     FLUME SA-C    200        CHANNEL
  FLUME SA-A     FLUME SA-B    200        CHANNEL
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SA-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-MW-3
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-MW-2
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-MW-1
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SA-1   Desert shrub                        (poor)    A           .56       63 

          Total Area / Weighted Curve Number                        .56       63 
                                                                    ===       ==

FC-SA-2   Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==

FC-SA-3   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SA-4   Desert shrub                        (poor)    A           .51       63 

          Total Area / Weighted Curve Number                        .51       63 
                                                                    ===       ==

FC-SA-5   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-SA-6   Desert shrub                        (poor)    A           .27       63 

          Total Area / Weighted Curve Number                        .27       63 
                                                                    ===       ==

FC-UD-MW-3Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-MW-2Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-MW-1Desert shrub                        (poor)    A           .94       63 

          Total Area / Weighted Curve Number                        .94       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SA-E     50          0.036          0.33            4          2 :1
  FLUME SA-D     100         0.036          0.33            4          2 :1
  FLUME SA-C     80          0.036          0.33            4          2 :1
  FLUME SA-B     200         0.023          0.05            4          2 :1
  FLUME SA-A     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SA-E    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SA-D    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SA-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SA-B    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SA-A    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: Outfall FC-SW                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SW-1                                FLUME SW-B      0.59        63    0.1       
FC-SW-2                                FLUME SW-B      0.55        63    0.1       
FC-SW-3                                FLUME SW-A      0.83        63    0.1       
FC-SW-4                                FLUME SW-A      0.59        63    0.1       
FC-SW-5                                Outlet          0.53        63    0.1       
FC-SW-6                                Outlet          0.3         63    0.1       
FC-UDW-3                               FLUME SW-C      2.01        63    0.1       
FC-UDW-2                               FLUME SW-D      1.88        63    0.1       
FC-UDW-1                               FLUME SW-E      0.8         63    0.1       

Total area: 8.08 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SW-1          .00       .00      0.08      0.37

FC-SW-2          .00       .00      0.08      0.34

FC-SW-3          .00       .00      0.12      0.52

FC-SW-4          .00       .00      0.08      0.37

FC-SW-5          .00       .00      0.07      0.33

FC-SW-6          .00       .00       .00      0.19

FC-UDW-3         .00       .00      0.28      1.26

FC-UDW-2         .00       .00      0.26      1.18

FC-UDW-1         .00       .00      0.11      0.50

REACHES
FLUME SW-A       .00       .00      1.01      4.52
    Down         .00       .00      1.01      4.52

FLUME SW-B       .00       .00      0.81      3.63
    Down         .00       .00      0.81      3.63

FLUME SW-C       .00       .00      0.66      2.92
    Down         .00       .00      0.66      2.92

FLUME SW-D       .00       .00      0.38      1.67
    Down         .00       .00      0.38      1.67

FLUME SW-E       .00       .00      0.11      0.50
    Down         .00       .00      0.11      0.50

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SW-1          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SW-2          .00       .00      0.08      0.34
             n/a       n/a     12.04     12.02

FC-SW-3          .00       .00      0.12      0.52
             n/a       n/a     12.04     12.02

FC-SW-4          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SW-5          .00       .00      0.07      0.33
             n/a       n/a     12.04     12.02

FC-SW-6          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-UDW-3         .00       .00      0.28      1.26
             n/a       n/a     12.04     12.02

FC-UDW-2         .00       .00      0.26      1.18
             n/a       n/a     12.04     12.02

FC-UDW-1         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

REACHES
FLUME SW-A       .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02

FLUME SW-B       .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02

FLUME SW-C       .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02

FLUME SW-D       .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02

FLUME SW-E       .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SW-1           .59     0.100        63     FLUME SW-B                         
FC-SW-2           .55     0.100        63     FLUME SW-B                         
FC-SW-3           .83     0.100        63     FLUME SW-A                         
FC-SW-4           .59     0.100        63     FLUME SW-A                         
FC-SW-5           .53     0.100        63     Outlet                             
FC-SW-6           .30     0.100        63     Outlet                             
FC-UDW-3         2.01     0.100        63     FLUME SW-C                         
FC-UDW-2         1.88     0.100        63     FLUME SW-D                         
FC-UDW-1          .80     0.100        63     FLUME SW-E                         

Total Area:   8.08 (ac)
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SW-A     Outlet        50         CHANNEL
  FLUME SW-B     FLUME SW-A    100        CHANNEL
  FLUME SW-C     FLUME SW-B    80         CHANNEL
  FLUME SW-D     FLUME SW-C    200        CHANNEL
  FLUME SW-E     FLUME SW-D    200        CHANNEL
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SW-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        296   0.0200     0.023     10.00     10.79     9.136      0.009

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        393   0.0200     0.023     10.00     10.79     8.397      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDW-3  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDW-2  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDW-1  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SW-1   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SW-2   Desert shrub                        (poor)    A           .55       63 

          Total Area / Weighted Curve Number                        .55       63 
                                                                    ===       ==

FC-SW-3   Desert shrub                        (poor)    A           .83       63 

          Total Area / Weighted Curve Number                        .83       63 
                                                                    ===       ==

FC-SW-4   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SW-5   Desert shrub                        (poor)    A           .53       63 

          Total Area / Weighted Curve Number                        .53       63 
                                                                    ===       ==

FC-SW-6   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-UDW-3  Desert shrub                        (poor)    A          2.01       63 

          Total Area / Weighted Curve Number                       2.01       63 
                                                                   ====       ==

FC-UDW-2  Desert shrub                        (poor)    A          1.88       63 

          Total Area / Weighted Curve Number                       1.88       63 
                                                                   ====       ==

FC-UDW-1  Desert shrub                        (poor)    A            .8       63 

          Total Area / Weighted Curve Number                         .8       63 
                                                                     ==       ==
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SW-A     50          0.036          0.33            4          2 :1
  FLUME SW-B     100         0.036          0.33            4          2 :1
  FLUME SW-C     80          0.036          0.33            4          2 :1
  FLUME SW-D     200         0.023          0.05            4          2 :1
  FLUME SW-E     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SW-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SW-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SW-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SW-D    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SW-E    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-W-A                         Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-W1                                  UpperDitch      0.98        63    0.1       
FC-W2                                  LowerDitch      0.92        63    0.1       
FC-W3                                  Outlet          0.49        63    0.1       

Total area: 2.39 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-W1            .00       .00      0.14      0.61

FC-W2            .00       .00      0.13      0.58

FC-W3            .00       .00      0.07      0.31

REACHES
LowerDitch       .00       .00      0.27      1.18
    Down         .00       .00      0.27      1.18

UpperDitch       .00       .00      0.14      0.61
    Down         .00       .00      0.14      0.61

OUTLET           .00       .00      0.33      1.49
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-W1            .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02

FC-W2            .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-W3            .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

REACHES
LowerDitch       .00       .00      0.27      1.18
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.27      1.18
             n/a       n/a     12.04     12.03

UpperDitch       .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.14      0.61
             n/a       n/a     11.98     12.02

OUTLET           .00       .00      0.33      1.49
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-W1             .98     0.100        63     UpperDitch                         
FC-W2             .92     0.100        63     LowerDitch                         
FC-W3             .49     0.100        63     Outlet                             

Total Area:   2.39 (ac)
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  LowerDitch     Outlet        296        CHANNEL
  UpperDitch     LowerDitch    299        CHANNEL
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-W1     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        406   0.0200     0.023     10.00     10.79     8.675      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-W2     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        209   0.0200     0.023     10.00     10.79     8.294      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-W3     
  SHEET          100   0.3330     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-W1     Desert shrub                        (poor)    A           .98       63 

          Total Area / Weighted Curve Number                        .98       63 
                                                                    ===       ==

FC-W2     Desert shrub                        (poor)    A           .92       63 

          Total Area / Weighted Curve Number                        .92       63 
                                                                    ===       ==

FC-W3     Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  LowerDitch     296         0.023          0.1             0.3        2 :1
  UpperDitch     299         0.023          0.1             0.3        2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  LowerDitch    0.0         0.000           0          0.3       0.1 
                0.5         5.086         0.6          2.3
                1.0        28.044         2.3          4.3
                2.0       164.808         8.5          8.3
                5.0      1806.779        51.3         20.3
               10.0     11281.721       202.5         40.3
               20.0     71030.681         805         80.3

  UpperDitch    0.0         0.000           0          0.3       0.1 
                0.5         5.086         0.6          2.3
                1.0        28.044         2.3          4.3
                2.0       164.808         8.5          8.3
                5.0      1806.779        51.3         20.3
               10.0     11281.721       202.5         40.3
               20.0     71030.681         805         80.3

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:09:50 AM 

REFERENCE 3



                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: FC-W-B                                 Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-W4                                  FLUME WEST      0.67        63    0.1       
FC-W5                                  Outlet          1.02        63    0.1       
FC-W6                                  Outlet          0.62        63    0.1       
FC-W7                                  Outlet          0.38        63    0.1       

Total area: 2.69 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-W4            .00       .00      0.09      0.42

FC-W5            .00       .00      0.14      0.64

FC-W6            .00       .00      0.09      0.39

FC-W7            .00       .00      0.05      0.24

REACHES
FLUME WEST       .00       .00      0.09      0.42
    Down         .00       .00      0.09      0.42

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-W4            .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02

FC-W5            .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-W6            .00       .00      0.09      0.39
             n/a       n/a     12.04     12.02

FC-W7            .00       .00      0.05      0.24
             n/a       n/a     12.04     12.02

REACHES
FLUME WEST       .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.09      0.42
             n/a       n/a     11.99     12.02

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-W4             .67     0.100        63     FLUME WEST                         
FC-W5            1.02     0.100        63     Outlet                             
FC-W6             .62     0.100        63     Outlet                             
FC-W7             .38     0.100        63     Outlet                             

Total Area:   2.69 (ac)
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME WEST     Outlet        90         CHANNEL
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-W4     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        444   0.0200     0.023     10.00     10.79     8.810      0.014

                                                 Time of Concentration       0.1
                                                                        ========

FC-W5     
  SHEET          100   0.3330     0.011                                    0.012
  CHANNEL        512   0.0200     0.023     10.00     10.79     8.889      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-W6     
  SHEET           90   0.3330     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========

FC-W7     
  SHEET           90   0.3300     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-W4     Desert shrub                        (poor)    A           .67       63 

          Total Area / Weighted Curve Number                        .67       63 
                                                                    ===       ==

FC-W5     Desert shrub                        (poor)    A          1.02       63 

          Total Area / Weighted Curve Number                       1.02       63 
                                                                   ====       ==

FC-W6     Desert shrub                        (poor)    A           .62       63 

          Total Area / Weighted Curve Number                        .62       63 
                                                                    ===       ==

FC-W7     Desert shrub                        (poor)    A           .38       63 

          Total Area / Weighted Curve Number                        .38       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME WEST     90          0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME WEST    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84
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i(210-VI-TR-55, Second Ed., June 1986)

Preface

Technical Release 55 (TR-55) presents simplified
procedures to calculate storm runoff volume, peak
rate of discharge, hydrographs, and storage volumes
required for floodwater reservoirs. These procedures
are applicable in small watersheds, especially urbaniz-
ing watersheds, in the United States. First issued by
the Soil Conservation Service (SCS) in January 1975,
TR-55 incorporates current SCS procedures. This
revision includes results of recent research and other
changes based on experience with use of the original
edition.

The major revisions and additions are:

• A flow chart for selecting the appropriate proce-
dure;

• Three additional rain distributions;
• Expansion of the chapter on runoff curve numbers;
• A procedure for calculating travel times of sheet

flow;
• Deletion of a chapter on peak discharges;
• Modifications to the Graphical Peak Discharge

method and Tabular Hydrograph method;
• A new storage routing procedure;
• Features of the TR-55 computer program; and
• Worksheets.

This revision was prepared by Roger Cronshey,
hydraulic engineer, Hydrology Unit, SCS,
Washington, DC; Dr. Richard H. McCuen, professor
of Civil Engineering, University of Maryland, College
Park, MD; Norman Miller, head, Hydrology Unit,
SCS, Washington, DC; Dr.Walter Rawls,
hydrologist, Agricultural Research Service,
Beltsville, MD; Sam Robbins (deceased), formerly
hydraulic engineer, SCS, South National Technical
Center (NTC), Fort Worth, TX; and Don Woodward,
hydraulic engineer, SCS, Northeast NTC, Chester,
PA. Valuable contributions were made by John
Chenoweth, Stan Hamilton, William Merkel, Robert
Rallison (ret.), Harvey Richardson, Wendell Styner,
other SCS hydraulic engineers, and Teresa Seeman.

Revised June 1986
Update of Appendix A  January 1999
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Metric conversions

The English system of units is used in this TR. To
convert to the International System of units (metric),
use the following factors:

From English unit To metric unit Multiply by

Acre Hectare 0.405
Square mile Square kilometer 2.59
Cubic feet per second Cubic meters per second 0.0283
Inch Millimeter 25.4
Feet per second Meters per second 0.3048
Acre-foot Cubic meter 1233.489

Cubic foot Cubic meter 0.0283

Perform rounding operations as appropriate to indi-
cate the same level of precision as that of the original
measurement. For example:
1. A stream discharge is recorded in cubic feet per

second with three significant digits.
2. Convert stream discharge to cubic meters per

second by multiplying by 0.0283.
3. Round to enough significant digits so that, when

converting back to cubic feet per second, you
obtain the original value (step 1) with three signifi-
cant digits.

Definitions of symbols

Symbol Unit Definition

a ft2 Cross sectional flow area
Am mi2 Drainage area
CN Runoff curve number
CNe Composite runoff curve

number
CNp Pervious runoff curve number
Emax Maximum stage
Fp Pond and swamp adjustment

factor
Hw ft Head over weir crest
Ia in Initial abstraction
L ft Flow length
Lw ft Weir crest length
m Number of flow segments
n Manning’s roughness coefficient
P in Rainfall
Pimp Percent imperviousness
P2 in Two-year frequency, 24-hour

rainfall
pw ft Wetted perimeter
q ft3/s (cfs) Hydrograph coordinate
qi ft3/s (cfs) Peak inflow discharge
qo ft3/s (cfs) Peak outflow discharge
qp ft3/s (cfs) Peak discharge
qt csm/in Tabular hydrograph unit

discharge
qu csm/in Unit peak discharge
Q in Runoff
r ft Hydraulic radius
R Ratio of unconnected

impervious area to total
impervious area

s ft/ft Slope of hydraulic grade line
S in Potential maximum retention

after runoff begins
t hr Hydrograph time
Tc hr Time of concentration
Tp hr Time to peak
Tt hr Travel time
V ft/s Average velocity
Vr acre-ft, ft3 Runoff volume

or water-
shed-inch

Vs acre-ft, ft3 Storage volume
or water-
shed-inch
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Technical Release 55
Urban Hydrology for Small Watersheds

Introduction
Chapter 1 Introduction

The conversion of rural land to urban land usually
increases erosion and the discharge and volume of
storm runoff in a watershed. It also causes other
problems that affect soil and water. As part of pro-
grams established to alleviate these problems, engi-
neers increasingly must assess the probable effects of
urban development, as well as design and implement
measures that will minimize its adverse effects.

Technical Release 55 (TR-55) presents simplified
procedures for estimating runoff and peak discharges
in small watersheds. In selecting the appropriate
procedure, consider the scope and complexity of the
problem, the available data, and the acceptable level of
error. While this TR gives special emphasis to urban
and urbanizing watersheds, the procedures apply to
any small watershed in which certain limitations are
met.

Effects of urban development

An urban or urbanizing watershed is one in which
impervious surfaces cover or will soon cover a consid-
erable area. Impervious surfaces include roads, side-
walks, parking lots, and buildings. Natural flow paths
in the watershed may be replaced or supplemented by
paved gutters, storm sewers, or other elements of
artificial drainage.

Hydrologic studies to determine runoff and peak
discharge should ideally be based on long-term sta-
tionary streamflow records for the area. Such records
are seldom available for small drainage areas. Even
where they are available, accurate statistical analysis
of them is usually impossible because of the conver-
sion of land to urban uses during the period of record.
It therefore is necessary to estimate peak discharges
with hydrologic models based on measurable water-
shed characteristics. Only through an understanding of
these characteristics and experience in using these
models can we make sound judgments on how to alter
model parameters to reflect changing watershed
conditions.

Urbanization changes a watershed’s response to
precipitation. The most common effects are reduced
infiltration and decreased travel time, which signifi-
cantly increase peak discharges and runoff. Runoff is
determined primarily by the amount of precipitation
and by infiltration characteristics related to soil type,
soil moisture, antecedent rainfall, cover type, impervi-

ous surfaces, and surface retention. Travel time is
determined primarily by slope, length of flow path,
depth of flow, and roughness of flow surfaces. Peak
discharges are based on the relationship of these
parameters and on the total drainage area of the
watershed, the location of the development, the effect
of any flood control works or other natural or
manmade storage, and the time distribution of rainfall
during a given storm event.

The model described in TR-55 begins with a rainfall
amount uniformly imposed on the watershed over a
specified time distribution. Mass rainfall is converted
to mass runoff by using a runoff curve number (CN).
CN is based on soils, plant cover, amount of impervi-
ous areas, interception, and surface storage. Runoff is
then transformed into a hydrograph by using unit
hydrograph theory and routing procedures that de-
pend on runoff travel time through segments of the
watershed.

For a description of the hydrograph development
method used by SCS, see chapter 16 of the SCS Na-
tional Engineering Handbook, Section 4—Hydrology
(NEH-4) (SCS 1985). The routing method (Modified
Att-Kin) is explained in appendixes G and H of draft
Technical Release 20 (TR-20) (SCS 1983).

Rainfall

TR-55 includes four regional rainfall time distributions.
See appendix B for a discussion of how these distribu-
tions were developed.

All four distributions are for a 24-hour period. This
period was chosen because of the general availability
of daily rainfall data that were used to estimate 24-
hour rainfall amounts. The 24-hour duration spans
most of the applications of TR-55.

One critical parameter in the model is time of concen-
tration (Tc), which is the time it takes for runoff to
travel to a point of interest from the hydraulically most
distant point. Normally a rainfall duration equal to or
greater than Tc is used. Therefore, the rainfall distribu-
tions were designed to contain the intensity of any
duration of rainfall for the frequency of the event
chosen. That is, if the 10-year frequency, 24-hour
rainfall is used, the most intense hour will approxi-
mate the 10-year, 1-hour rainfall volume.
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Runoff

To estimate runoff from storm rainfall, SCS uses the
runoff curve number (CN) method (see chapters 4
through 10 of NEH-4, SCS 1985). Determination of CN
depends on the watershed’s soil and cover conditions,
which the model represents as hydrologic soil group,
cover type, treatment, and hydrologic condition.
Chapter 2 of this TR discusses the effect of urban
development on CN and explains how to use CN to
estimate runoff.

Time parameters

Chapter 3 describes a method for estimating the pa-
rameters used to distribute the runoff into a
hydrograph. The method is based on velocities of flow
through segments of the watershed. Two major param-
eters are time of concentration (Tc) and travel time of
flow through the segments (Tt). These and the other
parameters used are the same as those used in ac-
cepted hydraulic analyses of open channels.

Many methods are empirically derived from actual
runoff hydrographs and watershed characteristics. The
method in chapter 3 was chosen because it is basic;
however, other methods may be used.

Peak discharge and hydrographs

Chapter 4 describes a method for approximating peak
rates of discharge, and chapter 5 describes a method
for obtaining or routing hydrographs. Both methods
were derived from hydrographs prepared by proce-
dures outlined in chapter 16 of NEH-4 (SCS 1985). The
computations were made with a computerized SCS
hydrologic model, TR-20 (SCS 1983).

The methods in chapters 4 and 5 should be used in
accordance with specific guidelines. If basic data are
improperly prepared or adjustments not properly
used, errors will result.

Storage effects

Chapter 6 outlines procedures to account for the effect
of detention-type storage. It provides a shortcut
method to estimate temporary flood storage based on
hydrologic data developed from the Graphical Peak
Discharge or Tabular Hydrograph methods.

By increasing runoff and decreasing travel times,
urbanization can be expected to increase downstream
peak discharges. Chapter 6 discusses how flood deten-
tion can modify the hydrograph so that, ideally, down-
stream peak discharge is reduced approximately to the
predevelopment condition. The shortcuts in chapter 6
are useful in sizing a basin even though the final design
may require a more detailed analysis.

Selecting the appropriate
procedures

Figure 1-1 is a flow chart that shows how to select the
appropriate procedures to use in TR-55. In the figure,
the diamond-shaped box labeled “Subareas required?”
directs the user to the appropriate method based on
whether the watershed needs to be divided into subar-
eas. Watershed subdivision is required when signifi-
cantly different conditions affecting runoff or timing
are present in the watershed—for example, if the
watershed has widely differing curve numbers or
nonhomogeneous slope patterns.
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Figure 1-1 Flow chart for selecting the appropriate procedures in TR-55.
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Limitations

To save time, the procedures in TR-55 are simplified
by assumptions about some parameters. These simpli-
fications, however, limit the use of the procedures and
can provide results that are less accurate than more
detailed methods. The user should examine the sensi-
tivity of the analysis being conducted to a variation of
the peak discharge or hydrograph. To ensure that the
degree of error is tolerable, specific limitations are
given in chapters 2 through 6. Additional general
constraints to the use of TR-55 are as follows:

• The methods in this TR are based on open and
unconfined flow over land or in channels. For large
events during which flow is divided between sewer
and overland flow, more information about hydrau-
lics than is presented here is needed to determine
Tc. After flow enters a closed system, the discharge
can be assumed constant until another flow is
encountered at a junction or another inlet.

• Both the Graphical Peak Discharge and Tabular
Hydrograph methods are derived from TR-20 (SCS
1983) output. Their accuracy is comparable; they
differ only in their products. The use of Tc permits
them to be used for any size watershed within the
scope of the curves or tables. The Graphical
method (chapter 4) is used only for hydrologically
homogeneous watersheds because the procedure
is limited to a single watershed subarea. The Tabu-
lar method (chapter 5) can be used for a heteroge-
neous watershed that is divided into a number of
homogeneous subwatersheds. Hydrographs for the
subwatersheds can be routed and added.

• The approximate storage-routing curves (chapter
6) should not be used if the adjustment for ponding
(chapter 4) is used. These storage-routing curves,
like the peak discharge and hydrograph proce-
dures, are generalizations derived from TR-20
routings.
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SCS runoff curve number method

The SCS Runoff Curve Number (CN) method is de-
scribed in detail in NEH-4 (SCS 1985). The SCS runoff
equation is

Q
P I

P I S
a

a

=
−( )

−( ) +

2

[eq. 2-1]

where

Q = runoff (in)
P = rainfall (in)
S = potential maximum retention after runoff

begins (in) and
Ia = initial abstraction (in)

Initial abstraction (Ia) is all losses before runoff
begins. It includes water retained in surface depres-
sions, water intercepted by vegetation, evaporation,
and infiltration. Ia is highly variable but generally is
correlated with soil and cover parameters. Through
studies of many small agricultural watersheds, Ia was
found to be approximated by the following empirical
equation:

I Sa = 0 2. [eq. 2-2]

By removing Ia as an independent parameter, this
approximation allows use of a combination of S and P
to produce a unique runoff amount. Substituting
equation 2-2 into equation 2-1 gives:

Q
P S

P S
= −( )

+( )
0 2

0 8

2
.

.
[eq. 2-3]

S is related to the soil and cover conditions of the
watershed through the CN. CN has a range of 0 to 100,
and S is related to CN by:

S
CN

= −1000
10 [eq. 2-4]

Figure 2-1 and table 2-1 solve equations 2-3 and 2-4
for a range of CN’s and rainfall.

Factors considered in determin-
ing runoff curve numbers

The major factors that determine CN are the hydro-
logic soil group (HSG), cover type, treatment, hydro-
logic condition, and antecedent runoff condition
(ARC). Another factor considered is whether impervi-
ous areas outlet directly to the drainage system (con-
nected) or whether the flow spreads over pervious
areas before entering the drainage system (uncon-
nected). Figure 2-2 is provided to aid in selecting the
appropriate figure or table for determining curve
numbers.

CN’s in table 2-2 (a to d) represent average antecedent
runoff condition for urban, cultivated agricultural,
other agricultural, and arid and semiarid rangeland
uses. Table 2-2 assumes impervious areas are directly
connected. The following sections explain how to
determine CN’s and how to modify them for urban
conditions.

Hydrologic soil groups

Infiltration rates of soils vary widely and are affected
by subsurface permeability as well as surface intake
rates. Soils are classified into four HSG’s (A, B, C, and
D) according to their minimum infiltration rate, which
is obtained for bare soil after prolonged wetting.
Appendix A defines the four groups and provides a list
of most of the soils in the United States and their
group classification. The soils in the area of interest
may be identified from a soil survey report, which can
be obtained from local SCS offices  or soil and water
conservation district offices.

Most urban areas are only partially covered by imper-
vious surfaces: the soil remains an important factor in
runoff estimates. Urbanization has a greater effect on
runoff in watersheds with soils having high infiltration
rates (sands and gravels) than in watersheds predomi-
nantly of silts and clays, which generally have low
infiltration rates.

Any disturbance of a soil profile can significantly
change its infiltration characteristics. With urbaniza-
tion, native soil profiles may be mixed or removed or
fill material from other areas may be introduced.
Therefore, a method based on soil texture is given in
appendix A for determining the HSG classification for
disturbed soils.
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Cover type

Table 2-2 addresses most cover types, such as vegeta-
tion, bare soil, and impervious surfaces. There are a
number of methods for determining cover type. The
most common are field reconnaissance, aerial photo-
graphs, and land use maps.

Treatment

Treatment is a cover type modifier (used only in table
2-2b) to describe the management of cultivated agri-
cultural lands. It includes mechanical practices, such
as contouring and terracing, and management prac-
tices, such as crop rotations and reduced or no tillage.

Hydrologic condition

Hydrologic condition indicates the effects of cover
type and treatment on infiltration and runoff and is
generally estimated from density of plant and residue
cover on sample areas. Good hydrologic condition
indicates that the soil usually has a low runoff poten-
tial for that specific hydrologic soil group, cover type,
and treatment. Some factors to consider in estimating
the effect of cover on infiltration and runoff are (a)
canopy or density of lawns, crops, or other vegetative
areas; (b) amount of year-round cover; (c) amount of
grass or close-seeded legumes in rotations; (d) percent
of residue cover; and (e) degree of surface roughness.
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Figure 2-1 Solution of runoff equation.
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Table 2-1 Runoff depth for selected CN’s and rainfall amounts 1 /

Runoff depth for curve number of—

Rainfall 40 45 50 55 60 65 70 75 80 85 90 95 98

          -------------------------------------------------------------------------------inches -------------------------------------------------------------------------------------

1.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.08 0.17 0.32 0.56 0.79

1.2 .00 .00 .00 .00 .00 .00 .03 .07 .15 .27 .46 .74 .99

1.4 .00 .00 .00 .00 .00 .02 .06 .13 .24 .39 .61 .92 1.18

1.6 .00 .00 .00 .00 .01 .05 .11 .20 .34 .52 .76 1.11 1.38

1.8 .00 .00 .00 .00 .03 .09 .17 .29 .44 .65 .93 1.29 1.58

2.0 .00 .00 .00 .02 .06 .14 .24 .38 .56 .80 1.09 1.48 1.77

2.5 .00 .00 .02 .08 .17 .30 .46 .65 .89 1.18 1.53 1.96 2.27

3.0 .00 .02 .09 .19 .33 .51 .71 .96 1.25 1.59 1.98 2.45 2.77

3.5 .02 .08 .20 .35 .53 .75 1.01 1.30 1.64 2.02 2.45 2.94 3.27

4.0 .06 .18 .33 .53 .76 1.03 1.33 1.67 2.04 2.46 2.92 3.43 3.77

4.5 .14 .30 .50 .74 1.02 1.33 1.67 2.05 2.46 2.91 3.40 3.92 4.26

5.0 .24 .44 .69 .98 1.30 1.65 2.04 2.45 2.89 3.37 3.88 4.42 4.76

6.0 .50 .80 1.14 1.52 1.92 2.35 2.81 3.28 3.78 4.30 4.85 5.41 5.76

7.0 .84 1.24 1.68 2.12 2.60 3.10 3.62 4.15 4.69 5.25 5.82 6.41 6.76

8.0 1.25 1.74 2.25 2.78 3.33 3.89 4.46 5.04 5.63 6.21 6.81 7.40 7.76

9.0 1.71 2.29 2.88 3.49 4.10 4.72 5.33 5.95 6.57 7.18 7.79 8.40 8.76

10.0 2.23 2.89 3.56 4.23 4.90 5.56 6.22 6.88 7.52 8.16 8.78 9.40 9.76

11.0 2.78 3.52 4.26 5.00 5.72 6.43 7.13 7.81 8.48 9.13 9.77 10.39 10.76

12.0 3.38 4.19 5.00 5.79 6.56 7.32 8.05 8.76 9.45 10.11 10.76 11.39 11.76

13.0 4.00 4.89 5.76 6.61 7.42 8.21 8.98 9.71 10.42 11.10 11.76 12.39 12.76

14.0 4.65 5.62 6.55 7.44 8.30 9.12 9.91 10.67 11.39 12.08 12.75 13.39 13.76

15.0 5.33 6.36 7.35 8.29 9.19 10.04 10.85 11.63 12.37 13.07 13.74 14.39 14.76

1 / Interpolate the values shown to obtain runoff depths for CN's or rainfall amounts not shown.
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Figure 2-2 Flow chart for selecting the appropriate figure or table for determining runoff curve numbers.
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Table 2-2a Runoff curve numbers for urban areas 1/

Curve numbers for
-------------------------------------------  Cover description  ----------------------------------------- -----------hydrologic soil group -------------

Average percent
Cover type and hydrologic condition impervious area 2/ A B C D

Fully developed urban areas (vegetation established)

Open space (lawns, parks, golf courses, cemeteries, etc.) 3/:
Poor condition (grass cover < 50%) .......................................... 68 79 86 89
Fair condition (grass cover 50% to 75%) .................................. 49 69 79 84
Good condition (grass cover > 75%) ......................................... 39 61 74 80

Impervious areas:
Paved parking lots, roofs, driveways, etc.

(excluding right-of-way) ............................................................. 98 98 98 98
Streets and roads:

Paved; curbs and storm sewers (excluding
right-of-way) ................................................................................ 98 98 98 98
Paved; open ditches (including right-of-way) .......................... 83 89 92 93
Gravel (including right-of-way) ................................................. 76 85 89 91
Dirt (including right-of-way) ...................................................... 72 82 87 89

Western desert urban areas:
Natural desert landscaping (pervious areas only)  4/ ..................... 63 77 85 88
Artificial desert landscaping (impervious weed barrier,

desert shrub with 1- to 2-inch sand or gravel mulch
and basin borders) ...................................................................... 96 96 96 96

Urban districts:
Commercial and business ................................................................. 85 89 92 94 95
Industrial ............................................................................................. 72 81 88 91 93

Residential districts by average lot size:
1/8 acre or less (town houses) .......................................................... 65 77 85 90 92
1/4 acre ................................................................................................ 38 61 75 83 87
1/3 acre ................................................................................................ 30 57 72 81 86
1/2 acre ................................................................................................ 25 54 70 80 85
1 acre ................................................................................................... 20 51 68 79 84
2 acres .................................................................................................. 12 46 65 77 82

Developing urban areas

Newly graded areas
(pervious areas only, no vegetation) 5/ ................................................................ 77 86 91 94

Idle lands (CN’s are determined using cover types
similar to those in table 2-2c).

1 Average runoff condition, and Ia = 0.2S.
2 The average percent impervious area shown was used to develop the composite CN’s. Other assumptions are as follows: impervious areas are

directly connected to the drainage system, impervious areas have a CN of 98, and pervious areas are considered equivalent to open space in
good hydrologic condition. CN’s for other combinations of conditions may be computed using figure 2-3 or 2-4.

3 CN’s shown are equivalent to those of pasture. Composite CN’s may be computed for other combinations of open space
cover type.

4 Composite CN’s for natural desert landscaping should be computed using figures 2-3 or 2-4 based on the impervious area percentage
(CN = 98) and the pervious area CN. The pervious area CN’s are assumed equivalent to desert shrub in poor hydrologic condition.

5 Composite CN’s to use for the design of temporary measures during grading and construction should be computed using figure 2-3 or 2-4
based on the degree of development (impervious area percentage) and the CN’s for the newly graded  pervious areas.
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Table 2-2b Runoff curve numbers for cultivated agricultural lands 1/

                                                                                                                                                               Curve numbers for
------------------------------------------  Cover description  ---------------------------------------------               -------------  hydrologic soil group  ----------------

Hydrologic
Cover type Treatment 2/ condition 3/ A B C D

Fallow Bare soil — 77 86 91 94
Crop residue cover (CR) Poor 76 85 90 93

Good 74 83 88 90

Row crops Straight row (SR) Poor 72 81 88 91
Good 67 78 85 89

SR + CR Poor 71 80 87 90
Good 64 75 82 85

Contoured (C) Poor 70 79 84 88
Good 65 75 82 86

C + CR Poor 69 78 83 87
Good 64 74 81 85

Contoured & terraced (C&T) Poor 66 74 80 82
Good 62 71 78 81

C&T+ CR Poor 65 73 79 81
Good 61 70 77 80

Small grain SR Poor 65 76 84 88
Good 63 75 83 87

SR + CR Poor 64 75 83 86
Good 60 72 80 84

C Poor 63 74 82 85
Good 61 73 81 84

C + CR Poor 62 73 81 84
Good 60 72 80 83

C&T Poor 61 72 79 82
Good 59 70 78 81

C&T+ CR Poor 60 71 78 81
Good 58 69 77 80

Close-seeded SR Poor 66 77 85 89
or broadcast Good 58 72 81 85
legumes or C Poor 64 75 83 85
rotation Good 55 69 78 83
meadow C&T Poor 63 73 80 83

Good 51 67 76 80

1 Average runoff condition, and Ia=0.2S
2 Crop residue cover applies only if residue is on at least 5% of the surface throughout the year.
3 Hydraulic condition is based on combination factors that affect infiltration and runoff, including (a) density and canopy of vegetative areas,

(b) amount of year-round cover, (c) amount of grass or close-seeded legumes, (d) percent of residue cover on the land surface (good ≥ 20%),
and (e) degree of surface roughness.

Poor: Factors impair infiltration and tend to increase runoff.

Good: Factors encourage average and better than average infiltration and tend to decrease runoff.
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Table 2-2c Runoff curve numbers for other agricultural lands 1/

         Curve numbers for
---------------------------------------  Cover description  --------------------------------------                 ------------  hydrologic soil group ---------------

Hydrologic
Cover type condition A B C D

Pasture, grassland, or range—continuous Poor 68 79 86 89
forage for grazing. 2/ Fair 49 69 79 84

Good 39 61 74 80

Meadow—continuous grass, protected from — 30 58 71 78
grazing and generally mowed for hay.

Brush—brush-weed-grass mixture with brush Poor 48 67 77 83
the major element. 3/ Fair 35 56 70 77

Good 30 4/ 48 65 73

Woods—grass combination (orchard Poor 57 73 82 86
or tree farm). 5/ Fair 43 65 76 82

Good 32 58 72 79

Woods. 6/ Poor 45 66 77 83
Fair 36 60 73 79

Good 30 4/ 55 70 77

Farmsteads—buildings, lanes, driveways, — 59 74 82 86
and surrounding lots.

1  Average runoff condition, and Ia = 0.2S.
2  Poor: <50%) ground cover or heavily grazed with no mulch.

 Fair: 50 to 75% ground cover and not heavily grazed.
 Good: > 75% ground cover and lightly or only occasionally grazed.

3  Poor: <50% ground cover.
 Fair: 50 to 75% ground cover.
 Good: >75% ground cover.

4  Actual curve number is less than 30; use CN = 30 for runoff computations.
5  CN’s shown were computed for areas with 50% woods and 50% grass (pasture) cover. Other combinations of conditions may be computed

from the CN’s for woods and pasture.
6  Poor: Forest litter, small trees, and brush are destroyed by heavy grazing or regular burning.

 Fair: Woods are grazed but not burned, and some forest litter covers the soil.
 Good: Woods are protected from grazing, and litter and brush adequately cover the soil.
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Table 2-2d Runoff curve numbers for arid and semiarid rangelands 1/

         Curve numbers for
----------------------------------------  Cover description  -----------------------------------------------       ---------------  hydrologic soil group  -------------

Hydrologic
                        Cover type condition 2/ A 3/ B C D

Herbaceous—mixture of grass, weeds, and Poor 80 87 93
low-growing brush, with brush the Fair 71 81 89
minor element. Good 62 74 85

Oak-aspen—mountain brush mixture of oak brush, Poor 66 74 79
aspen, mountain mahogany, bitter brush, maple, Fair 48 57 63
and other brush. Good 30 41 48

Pinyon-juniper—pinyon, juniper, or both; Poor 75 85 89
grass understory. Fair 58 73 80

Good 41 61 71

Sagebrush with grass understory. Poor 67 80 85
Fair 51 63 70

Good 35 47 55

Desert shrub—major plants include saltbush, Poor 63 77 85 88
greasewood, creosotebush, blackbrush, bursage, Fair 55 72 81 86

palo verde, mesquite, and cactus. Good 49 68 79 84

1 Average runoff condition, and Ia, = 0.2S. For range in humid regions, use table 2-2c.
2 Poor:  <30% ground cover (litter, grass, and brush overstory).

Fair:    30 to 70% ground cover.
Good:  > 70% ground cover.

3 Curve numbers for group A have been developed only for desert shrub.

REFERENCE 4



Chapter 2

2–9(210-VI-TR-55, Second Ed., June 1986)

Technical Release 55
Urban Hydrology for Small Watersheds

Estimating Runoff

Antecedent runoff condition

The index of runoff potential before a storm event is
the antecedent runoff condition (ARC). ARC is an
attempt to account for the variation in CN at a site
from storm to storm. CN for the average ARC at a site
is the median value as taken from sample rainfall and
runoff data. The CN’s in table 2-2 are for the average
ARC, which is used primarily for design applications.
See NEH-4 (SCS 1985) and Rallison and Miller (1981)
for more detailed discussion of storm-to-storm varia-
tion and a demonstration of upper and lower envelop-
ing curves.

Urban impervious area modifications

Several factors, such as the percentage of impervious
area and the means of conveying runoff from impervi-
ous areas to the drainage system, should be consid-
ered in computing CN for urban areas (Rawls et al.,
1981). For example, do the impervious areas connect
directly to the drainage system, or do they outlet onto
lawns or other pervious areas where infiltration can
occur?

Connected impervious areas — An impervious area
is considered connected if runoff from it flows directly
into the drainage system. It is  also considered con-
nected if runoff from it occurs as concentrated shal-
low flow that runs over a pervious area and then into
the drainage system.

Urban CN’s (table 2-2a) were developed for typical
land use relationships based on specific assumed
percentages of impervious area. These CN vales were
developed on the assumptions that (a) pervious urban
areas are equivalent to pasture in good hydrologic
condition and (b) impervious areas have a CN of 98
and are directly connected to the drainage system.
Some assumed percentages of impervious area are
shown in table 2-2a

If all of the impervious area is directly connected to
the drainage system, but the impervious area percent-
ages or the pervious land use assumptions in table 2-2a
are not applicable, use figure 2-3 to compute a com-
posite CN. For example, table 2-2a gives a CN of 70 for
a 1/2-acre lot in HSG B, with assumed impervious area

of 25 percent. However, if the lot has 20 percent imper-
vious area and a pervious area CN of 61, the composite
CN obtained from figure 2-3 is 68. The CN difference
between 70 and 68 reflects the difference in percent
impervious area.

Unconnected impervious areas — Runoff from
these areas is spread over a pervious area as sheet
flow. To determine CN when all or part of the impervi-
ous area is not directly connected to the drainage
system, (1) use figure 2-4 if total impervious area is
less than 30 percent or (2) use figure 2-3 if the total
impervious area is equal to or greater than 30 percent,
because the absorptive capacity of the remaining
pervious areas will not significantly affect runoff.

When impervious area is less than 30 percent, obtain
the composite CN by entering the right half of figure
 2-4 with the percentage of total impervious area and
the ratio of total unconnected impervious area to total
impervious area. Then move left to the appropriate
pervious CN and read down to find the composite CN.
For example, for a 1/2-acre lot with 20 percent total
impervious area (75 percent of which is unconnected)
and pervious CN of 61, the composite CN from figure
2-4 is 66. If all of the impervious area is connected, the
resulting CN (from figure 2-3) would be 68.
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Figure 2-3 Composite CN with connected impervious area.

Figure 2-4 Composite CN with unconnected impervious areas and total impervious area less than 30%
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Runoff

When CN and the amount of rainfall have been deter-
mined for the watershed, determine runoff by using
figure 2-1, table 2-1, or equations 2-3 and 2-4. The
runoff is usually rounded to the nearest hundredth of
an inch.

Limitations

• Curve numbers describe average conditions that
are useful for design purposes. If the rainfall event
used is a historical storm, the modeling accuracy
decreases.

• Use the runoff curve number equation with caution
when re-creating specific features of an actual
storm. The equation does not contain an expres-
sion for time and, therefore, does not account for
rainfall duration or intensity.

• The user should understand the assumption re-
flected in the initial abstraction term (Ia) and
should ascertain that the assumption applies to the
situation. Ia, which consists of interception, initial
infiltration, surface depression storage, evapotrans-
piration, and other factors, was generalized as 0.2S
based on data from agricultural watersheds (S is
the potential maximum retention after runoff
begins). This approximation can be especially
important in an urban application because the
combination of impervious areas with pervious
areas can imply a significant initial loss that may
not take place. The opposite effect, a greater initial
loss, can occur if the impervious areas have sur-
face depressions that store some runoff. To use a
relationship other than Ia = 0.2S, one must rede-
velop equation 2-3, figure 2-1, table 2-1, and table 2-
2 by using the original rainfall-runoff data to estab-
lish new S or CN relationships for each cover and
hydrologic soil group.

• Runoff from snowmelt or rain on frozen ground
cannot be estimated using these procedures.

• The CN procedure is less accurate when runoff is
less than 0.5 inch. As a check, use another proce-
dure to determine runoff.

• The SCS runoff procedures apply only to direct
surface runoff: do not overlook large sources of
subsurface flow or high ground water levels that
contribute to runoff. These conditions are often
related to HSG A soils and forest areas that have
been assigned relatively low CN’s in table 2-2.
Good judgment and experience based on stream
gage records are needed to adjust CN’s as condi-
tions warrant.

• When the weighted CN is less than 40, use another
procedure to determine runoff.

Examples

Four examples illustrate the procedure for computing
runoff curve number (CN) and runoff (Q) in inches.
Worksheet 2 in appendix D is provided to assist TR-55
users. Figures 2-5 to 2-8 represent the use of
worksheet 2 for each example. All four examples are
based on the same watershed and the same storm
event.

The watershed covers 250 acres in Dyer County,
northwestern Tennessee. Seventy percent (175 acres)
is a Loring soil, which is in hydrologic soil group C.
Thirty percent (75 acres) is a Memphis soil, which is in
group B. The event is a 25-year frequency, 24-hour
storm with total rainfall of 6 inches.

Cover type and conditions in the watershed are differ-
ent for each example. The examples, therefore, illus-
trate how to compute CN and Q for various situations
of proposed, planned, or present development.

Example 2-1

The present cover type is pasture in good hydrologic
condition. (See figure 2-5 for worksheet 2 informa-
tion.)

Example 2-2

Seventy percent (175 acres) of the watershed, consist-
ing of all the Memphis soil and 100 acres of the Loring
soil, is 1/2-acre residential lots with lawns in good
hydrologic condition. The rest of the watershed is
scattered open space in good hydrologic condition.
(See figure 2-6.)
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Travel Time

Travel time ( Tt ) is the time it takes water to travel
from one location to another in a watershed. Tt is a
component of time of concentration ( Tc ), which is
the time for runoff to travel from the hydraulically
most distant point of the watershed to a point of
interest within the watershed. Tc is computed by
summing all the travel times for consecutive compo-
nents of the drainage conveyance system.

Tc influences the shape and peak of the runoff
hydrograph. Urbanization usually decreases Tc,
thereby increasing the peak discharge. But Tc can be
increased as a result of (a) ponding behind small or
inadequate drainage systems, including storm drain
inlets and road culverts, or (b) reduction of land slope
through grading.

Factors affecting time of concen-
tration and travel time

Surface roughness

One of the most significant effects of urban develop-
ment on flow velocity is less retardance to flow. That
is, undeveloped areas with very slow and shallow
overland flow through vegetation become modified by
urban development: the flow is then delivered to
streets, gutters, and storm sewers that transport runoff
downstream more rapidly. Travel time through the
watershed is generally decreased.

Channel shape and flow patterns

In small non-urban watersheds, much of the travel
time results from overland flow in upstream areas.
Typically, urbanization reduces overland flow lengths
by conveying storm runoff into a channel as soon as
possible. Since channel designs have efficient hydrau-
lic characteristics, runoff flow velocity increases and
travel time decreases.

Slope

Slopes may be increased or decreased by urbanization,
depending on the extent of site grading or the extent
to which storm sewers and street ditches are used in
the design of the water management system. Slope will
tend to increase when channels are straightened and
decrease when overland flow is directed through
storm sewers, street gutters, and diversions.

Computation of travel time and
time of concentration

Water moves through a watershed as sheet flow,
shallow concentrated flow, open channel flow, or
some combination of these. The type that occurs is a
function of the conveyance system and is best deter-
mined by field inspection.

Travel time ( Tt ) is the ratio of flow length to flow
velocity:

T
L

Vt =
3600

[eq. 3-1]

where:

Tt = travel time (hr)
L = flow length (ft)
V = average velocity (ft/s)

    3600 = conversion factor from seconds to hours.

Time of concentration ( Tc ) is the sum of Tt values for
the various consecutive flow segments:

T T T Tc t t tm
= + +

1 2
K [eq. 3-2]

where:

Tc = time of concentration (hr)
m = number of flow segments
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Figure 3-1 Average velocities for estimating travel time for shallow concentrated flow
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Sheet flow

Sheet flow is flow over plane surfaces. It usually
occurs in the headwater of streams. With sheet flow,
the friction value (Manning’s n) is an effective rough-
ness coefficient that includes the effect of raindrop
impact; drag over the plane surface; obstacles such as
litter, crop ridges, and rocks; and erosion and trans-
portation of sediment. These n values are for very
shallow flow depths of about 0.1 foot or so. Table 3-1
gives Manning’s n values for sheet flow for various
surface conditions.

For sheet flow of less than 300 feet, use Manning’s
kinematic solution (Overtop and Meadows 1976) to
compute Tt:

T
nL

P s
t =

( )
( )

0 007
0 8

2
0 5 0 4

.
.

. . [eq. 3-3]

where:

Tt =  travel time (hr),
n =  Manning’s roughness coefficient (table 3-1)
L = flow length (ft)
P2 = 2-year, 24-hour rainfall (in)
  s =  slope of hydraulic grade line

  (land slope, ft/ft)

This simplified form of the Manning’s kinematic solu-
tion is based on the following: (1) shallow steady
uniform flow, (2) constant intensity of rainfall excess
(that part of a rain available for runoff), (3) rainfall
duration of 24 hours, and (4) minor effect of infiltra-
tion on travel time. Rainfall depth can be obtained
from appendix B.

Shallow concentrated flow

After a maximum of 300 feet, sheet flow usually be-
comes shallow concentrated flow. The average veloc-
ity for this flow can be determined from figure 3-1, in
which average velocity is a function of watercourse
slope and type of channel. For slopes less than 0.005
ft/ft, use equations given in appendix F for figure 3-1.
Tillage can affect the direction of shallow concen-
trated flow. Flow may not always be directly down the
watershed slope if tillage runs across the slope.

After determining average velocity in figure 3-1, use
equation 3-1 to estimate travel time for the shallow
concentrated flow segment.

Open channels

Open channels are assumed to begin where surveyed
cross section information has been obtained, where
channels are visible on aerial photographs, or where
blue lines (indicating streams) appear on United States
Geological Survey (USGS) quadrangle sheets.
Manning’s equation or water surface profile informa-
tion can be used to estimate average flow velocity.
Average flow velocity is usually determined for bank-
full elevation.

Table 3-1 Roughness coefficients (Manning’s n) for
sheet flow

Surface description n 1/

Smooth surfaces (concrete, asphalt,
gravel, or bare soil) .......................................... 0.011

Fallow (no residue) .................................................. 0.05
Cultivated soils:

Residue cover ≤20% ......................................... 0.06
Residue cover >20% ......................................... 0.17

Grass:
Short grass prairie ............................................ 0.15
Dense grasses 2/ ................................................ 0.24
Bermudagrass . ................................................. 0.41

Range (natural) ......................................................... 0.13
Woods:3/

Light underbrush .............................................. 0.40

Dense underbrush ............................................ 0.80

1 The n values are a composite of information compiled by Engman

(1986).
2 Includes species such as weeping lovegrass, bluegrass, buffalo

grass, blue grama grass, and native grass mixtures.
3 When selecting n , consider cover to a height of about 0.1 ft. This

is the only part of the plant cover that will obstruct sheet flow.
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 Manning’s equation is:

V
r s
n

= 1 49
2

3

1

2. [eq. 3-4]

where:

V  = average velocity (ft/s)
r = hydraulic radius (ft) and is equal to a/pw

a = cross sectional flow area (ft2)
pw = wetted perimeter (ft)

s = slope of the hydraulic grade line (channel
slope, ft/ft)

n = Manning’s roughness coefficient for open
channel flow.

Manning’s n values for open channel flow can be
obtained from standard textbooks such as Chow
(1959) or Linsley et al. (1982). After average velocity is
computed using equation 3-4, Tt for the channel seg-
ment can be estimated using equation 3-1.

Reservoirs or lakes

Sometimes it is necessary to estimate the velocity of
flow through a reservoir or lake at the outlet of a
watershed. This travel time is normally very small and
can be assumed as zero.

Limitations

• Manning’s kinematic solution should not be used
for sheet flow longer than 300 feet. Equation 3-3
was developed for use with the four standard
rainfall intensity-duration relationships.

• In watersheds with storm sewers, carefully identify
the appropriate hydraulic flow path to estimate Tc.
Storm sewers generally handle only a small portion
of a large event. The rest of the peak flow travels
by streets, lawns, and so on, to the outlet. Consult a
standard hydraulics textbook to determine average
velocity in pipes for either pressure or nonpressure
flow.

• The minimum Tc used in TR-55 is 0.1 hour.

• A culvert or bridge can act as a reservoir outlet if
there is significant storage behind it. The proce-
dures in TR-55 can be used to determine the peak
flow upstream of the culvert. Detailed storage
routing procedures should be used to determine
the outflow through the culvert.

Example 3-1

The sketch below shows a watershed in Dyer County,
northwestern Tennessee. The problem is to compute
Tc at the outlet of the watershed (point D). The 2-year
24-hour rainfall depth is 3.6 inches. All three types of
flow occur from the hydraulically most distant point
(A) to the point of interest (D). To compute Tc, first
determine Tt for each segment from the following
information:

Segment AB: Sheet flow; dense grass; slope (s) = 0.01
ft/ft; and length (L) = 100 ft. Segment BC: Shallow
concentrated flow; unpaved; s = 0.01 ft/ft; and
L = 1,400 ft. Segment CD: Channel flow; Manning’s
n = .05; flow area (a) = 27 ft2; wetted perimeter
(pw) = 28.2 ft; s = 0.005 ft/ft; and L = 7,300 ft.

See figure 3-2 for the computations made on
worksheet 3.

A B C D

7,300 ft1,400 ft100 ft

(Not to scale)
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This chapter presents the Graphical Peak Discharge
method for computing peak discharge from rural and
urban areas. The Graphical method was developed
from hydrograph analyses using TR-20, “Computer
Program for Project Formulation—Hydrology”
(SCS 1983). The peak discharge equation used is:

qp = quAmQFp [eq. 4-1]

where:

qp = peak discharge (cfs)
qu = unit peak discharge (csm/in)

Am = drainage area (mi2)
Q  = runoff (in)
Fp= pond and swamp adjustment factor

The input requirements for the Graphical method are
as follows: (1) Tc (hr), (2) drainage area (mi2), (3)
appropriate rainfall distribution (I, IA, II, or III), (4)
24-hour rainfall (in), and (5) CN. If pond and swamp
areas are spread throughout the watershed and are not
considered in the Tc computation, an adjustment for
pond and swamp areas is also needed.

Peak discharge computation

For a selected rainfall frequency, the 24-hour rainfall
(P) is obtained from appendix B or more detailed local
precipitation maps. CN and total runoff (Q) for the
watershed are computed according to the methods
outlined in chapter 2. The CN is used to determine the
initial abstraction (Ia) from table 4-1. Ia / P is then
computed.

If the computed Ia / P ratio is outside the range in
exhibit 4 (4-I, 4-IA, 4-II, and 4-III) for the rainfall distri-
bution of interest, then the limiting value should be
used. If the ratio falls between the limiting values, use
linear interpolation. Figure 4-1 illustrates the sensitiv-
ity of Ia / P to CN and P.

Peak discharge per square mile per inch of runoff (qu)
is obtained from exhibit 4-I, 4-IA, 4-II, or 4-III by using
Tc (chapter 3), rainfall distribution type, and Ia / P
ratio. The pond and swamp adjustment factor is ob-
tained from table 4-2 (rounded to the nearest table
value). Use worksheet 4 in appendix D to aid in com-
puting the peak discharge using the Graphical method.

Figure 4-1 Variation of Ia / P for P and CN
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40 ...................... 3.000
41 ...................... 2.878
42 ...................... 2.762
43 ...................... 2.651
44 ...................... 2.545
45 ...................... 2.444
46 ...................... 2.348
47 ...................... 2.255
48 ...................... 2.167
49 ...................... 2.082
50 ...................... 2.000
51 ...................... 1.922
52 ...................... 1.846
53 ...................... 1.774
54 ...................... 1.704
55 ...................... 1.636
56 ...................... 1.571
57 ...................... 1.509
58 ...................... 1.448
59 ...................... 1.390
60 ...................... 1.333
61 ...................... 1.279
62 ...................... 1.226
63 ...................... 1.175
64 ...................... 1.125
65 ...................... 1.077
66 ...................... 1.030
67 ...................... 0.985
68 ...................... 0.941
69 ...................... 0.899

Curve  Ia

number (in)

70 ...................... 0.857
71 ...................... 0.817
72 ...................... 0.778
73 ...................... 0.740
74 ...................... 0.703
75 ...................... 0.667
76 ...................... 0.632
77 ...................... 0.597
78 ...................... 0.564
79 ...................... 0.532
80 ...................... 0.500
81 ...................... 0.469
82 ...................... 0.439
83 ...................... 0.410
84 ...................... 0.381
85 ...................... 0.353
86 ...................... 0.326
87 ...................... 0.299
88 ...................... 0.273
89 ...................... 0.247
90 ...................... 0.222
91 ...................... 0.198
92 ...................... 0.174
93 ...................... 0.151
94 ...................... 0.128
95 ...................... 0.105
96 ...................... 0.083
97 ...................... 0.062
98 ...................... 0.041

Table 4-1 Ia values for runoff curve numbers
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Table 4-2 Adjustment factor (Fp) for pond and swamp
areas that are spread throughout the
watershed

Percentage of pond
 and swamp areas Fp

0 ..................................................... 1.00
0.2 .................................................. 0.97
1.0 .................................................. 0.87
3.0 .................................................. 0.75

5.0 .................................................. 0.72

Limitations

The Graphical method provides a determination of
peak discharge only. If a hydrograph is needed or
watershed subdivision is required, use the Tabular
Hydrograph method (chapter 5). Use TR-20 if the
watershed is very complex or a higher degree of
accuracy is required.

• The watershed must be hydrologically homoge-
neous, that is, describable by one CN. Land use,
soils, and cover are distributed uniformly through-
out the watershed.

• The watershed may have only one main stream or,
if more than one, the branches must have nearly
equal TC' s.

• The method cannot perform valley or reservoir
routing.

• The Fp factor can be applied only for ponds or
swamps that are not in the Tc flow path.

• Accuracy of peak discharge estimated by this
method will be reduced if Ia / P values are used that
are outside the range given in exhibit 4. The limit-
ing Ia / P values are recommended for use.

• This method should be used only if the weighted
CN is greater than 40.

• When this method is used to develop estimates of
peak discharge for both present and developed
conditions of a watershed, use the same procedure
for estimating Tc.

• Tc values with this method may range from 0.1 to
10 hours.

Example 4-1

Compute the 25-year peak discharge for the 250-acre
watershed described in examples 2-2 and 3-1. Figure 4-
2 shows how worksheet 4 is used to compute qp as
345 cfs.
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This chapter presents the Tabular Hydrograph method
of computing peak discharges from rural and urban
areas, using time of concentration (Tc) and travel time
(Tt) from a subarea as inputs. This method approxi-
mates TR-20, a more detailed hydrograph procedure
(SCS 1983).

The Tabular method can develop partial composite
flood hydrographs at any point in a watershed by
dividing the watershed into homogeneous subareas. In
this manner, the method can estimate runoff from
nonhomogeneous watersheds. The method is espe-
cially applicable for estimating the effects of land use
change in a portion of a watershed. It can also be used
to estimate the effects of proposed structures.

Input data needed to develop a partial composite flood
hydrograph include (1) 24-hour rainfall (in), (2) appro-
priate rainfall distribution (I, IA, II, or III), (3) CN, (4)
Tc (hr), (5) Tt (hr), and (6) drainage area (mi2).

Tabular Hydrograph method
exhibits

Exhibit 5 (5-I, 5-IA, 5-II, and 5-III) shows tabular dis-
charge values for the various rainfall distributions.
Tabular discharges expressed in csm/in (cubic feet of
discharge per second per square mile of watershed per
inch of runoff) are given for a range of subarea Tc’s
from 0.1 to 2 hours and reach Tt’s from 0 to 3 hours.

The exhibit was developed by computing hydrographs
for 1 square mile of drainage area for selected Tc’s and
routing them through stream reaches with the range of
Tt’s indicated. The Modified Att-Kin method for reach
routing, formulated by SCS in the late 1970’s, was used
to compute the tabular hydrographs (Comer et al.,
1981). A CN of 75 and rainfall amounts generating
appropriate Ia/P ratios were used. The resulting runoff
estimate was used to convert the hydrographs in
exhibits 5-I through 5-III to cubic feet of discharge per
second per square mile of watershed per inch of
runoff.

An assumption in development of the tabular
hydrographs is that all discharges for a stream reach
flow at the same velocity. By this assumption, the
subarea flood hydrographs may be routed separately
and added at the reference point. The tabular
hydrographs in exhibit 5 are prerouted hydrographs.

For Tt’s other than zero, the tabular discharge values
represent the contribution from a single subarea to the
composite hydrograph at Tt downstream.

Information required for Tabular
Hydrograph method

The following information is required for the Tabular
method:

1. Subdivision of the watershed into areas that are
relatively homogeneous and have convenient
routing reaches.

2. Drainage area of each subarea in square miles.

3. Tc for each subarea in hours. The procedure for
estimating Tc is outlined in chapter 3. Worksheet 3
(appendix D) can be used to calculate Tc.

4. Tt for each routing reach in hours. The procedure
for estimating Tt is outlined in chapter 3.
Worksheet 3 can be used to calculate Tt through a
subarea for shallow concentrated and open chan-
nel flow.

5. Weighted CN for each subarea. Table 2-2 shows
CN’s for individual hydrologic soil cover combina-
tions. Worksheet 2 can be used to calculate the
weighted runoff curve number.

6. Appropriate rainfall distribution according to
figure B-2 (appendix B).

7. The 24-hour rainfall for the selected frequency.
Appendix B contains rainfall maps for various
frequencies (figures B-3 to B-8).

8. Total runoff (Q) in inches computed from CN and
rainfall.

9. Ia for each subarea from table 5-1, which is the
same as table 4-1.

10. Ratio of Ia/P for each subarea. If the ratio for the
rainfall distribution of interest is outside the range
shown in exhibit 5, use the limiting value.
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Development of composite flood
hydrograph

This section describes the procedure for developing
the peak discharge and selected discharge values of a
composite flood hydrograph.

Selecting Tc and Tt

First, use worksheet 5a to develop a summary of basic
watershed data by subarea. Then use worksheet 5b to
develop a tabular hydrograph discharge summary; this
summary displays the effect of individual subarea
hydrographs as routed to the watershed point of

interest. Use ∑ Tt for each subarea as the total reach
travel time from that subarea through the watershed to
the point of interest. Compute the hydrograph coordi-
nates for selected ∑ Tt’s using the appropriate sheets
in exhibit 5. The flow at any time is:

q q A Qt m= [eq. 5-1]

where:

q  = hydrograph coordinate (cfs) at hydrograph
time t

qt  =  tabular hydrograph unit discharge from
exhibit 5 (csm/in)

Am  = drainage area of individual subarea (mi2)
Q  = runoff (in)

Since the timing of peak discharge changes with Tc

and Tt, interpolation of peak discharge for Tc and Tt

values for use in exhibit 5 is not recommended. Inter-
polation may result in an estimate of peak discharge
that would be invalid because it would be lower than
either of the hydrographs. Therefore, round the actual
values of Tc and Tt to values presented in exhibit 5.
Perform this rounding so that the sum of the selected
table values is close to the sum of actual Tc and Tt. An
acceptable procedure is to select the results of one of
three rounding operations:

1. Round Tc and Tt separately to the nearest table
value and sum,

2. Round Tc down and Tt up to nearest table value
and sum,

3. Round Tc up and Tt down to nearest table value
and sum.

From these three alternatives, choose the pair of
rounded Tc and Tt values whose sum is closest to the
sum of the actual Tc and Tt. If two rounding methods
produce sums equally close to the actual sum, use the
combination in which rounded Tc is closest to actual
Tc. An illustration of the rounding procedure is as
follows:

Curve Ia

number (in)

40 3.000
41 2.878
42 2.762
43 2.651
44 2.545
45 2.444
46 2.348
47 2.255
48 2.167
49 2.082
50 2.000
51 1.922
52 1.846
53 1.774
54 1.704
55 1.636
56 1.571
57 1.509
58 1.448
59 1.390
60 1.333
61 1.279
62 1.226
63 1.175
64 1.125
65 1.077
66 1.030
67 0.985
68 0.941
69 0.899

Curve Ia

number (in)

70 0.857
71 0.817
72 0.778
73 0.740
74 0.703
75 0.667
76 0.632
77 0.597
78 0.564
79 0.532
80 0.500
81 0.469
82 0.439
83 0.410
84 0.381
85 0.353
86 0.326
87 0.299
88 0.273
89 0.247
90 0.222
91 0.198
92 0.174
93 0.151
94 0.128
95 0.105
96 0.083
97 0.062
98 0.041

Table 5-1 Ia values for runoff curve numbers

REFERENCE 4



Chapter 5

5–3(210-VI-TR-55, Second Ed., June 1986)

Technical Release 55
Urban Hydrology for Small Watersheds

Tabular Hydrograph Method

Table values by rounding
method

Actual
values 1 2 3

Tc 1.1 1.0 1.0 1.25
Tt 1.7 1.5 2.0 1.5

Sum 2.8 2.5 3.0 2.75

In this instance, the results from method 3 would be
selected because the sum 2.75 is closest to the actual
sum of 2.8.

Selecting Ia / P

The computed Ia / P value can be rounded to the
nearest Ia / P value in exhibits 5-I through 5-III, or the
hydrograph values (csm/in) can be linearly interpo-
lated because Ia / P interpolation generally involves
peaks that occur at the same time.

Summing for the composite hydrograph

The composite hydrograph is the summation of
prerouted individual subarea hydrographs at each time
shown on worksheet 5b. Only the times encompassing
the expected maximum composite discharge are
summed to define a portion of the composite
hydrograph.

If desired, the entire composite hydrograph can be
approximated by linear extrapolation as follows:

1. Set up a table similar to worksheet 5b. Include on
this table the full range of hydrograph times dis-
played in exhibit 5.

2. Compute the subarea discharge values for those
times and insert them in the table.

3. Sum the values to obtain the composite
hydrograph.

4. Apply linear extrapolation to the first two points
and the last two points of the composite
hydrograph. The volume under this approximation
of the entire composite hydrograph may differ
from the computed runoff volume.

Limitations

The Tabular method is used to determine peak flows
and hydrographs within a watershed. However, its

accuracy decreases as the complexity of the water-
shed increases. If you want to compare present and
developed conditions of a watershed, use the same
procedure for estimating Tc for both conditions.

Use the TR-20 computer program (SCS 1983) instead
of the Tabular method if any of the following condi-
tions applies:

• Tt is greater than 3 hours (largest Tt in exhibit 5).
• Tc is greater than 2 hours (largest Tc in exhibit 5).
• Drainage areas of individual subareas differ by a

factor of 5 or more.
• The entire composite flood hydrograph or entire

runoff volume is required for detailed flood
routings. The hydrograph based on extrapolation is
only an approximation of the entire hydrograph.

•  The time of peak discharge must be more accurate
than that obtained through the Tabular method.

The composite flood hydrograph should be compared
with actual stream gage data where possible. The
instantaneous peak flow value from the composite
flood hydrograph can be compared with data from
USGS curves of peak flow versus drainage area.
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.10 * * * TC = 0.1 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 24 34 53 334 6471010 623 217 147 123 104 86 76 66 57 51 46 42 38 34 32 29 26 23 21 20 19 18 15 13 12 0
.10 21 29 43 134 267 520 847 701 378 224 157 122 98 75 64 56 50 45 41 36 33 30 27 24 21 20 19 18 16 13 12 0
.20 18 25 35 61 110 215 418 704 702 486 312 209 151 94 73 62 54 49 44 38 34 31 28 25 22 21 19 18 16 14 12 0
.30 17 23 33 56 92 174 337 582 662 545 389 269 190 109 79 65 56 50 45 39 35 32 29 25 22 21 20 18 16 14 12 0

.40 15 20 28 41 51 78 142 272 478 601 563 447 328 172 104 76 63 55 49 42 37 33 29 26 23 21 20 19 17 14 12 0

.50 14 19 26 39 47 68 117 220 392 531 553 482 380 209 121 84 67 57 51 43 38 33 30 27 23 21 20 19 17 14 12 0

.75 12 15 21 29 33 38 49 73 126 224 343 432 464 385 252 156 103 76 62 50 43 36 31 28 25 22 21 19 17 15 12 0
1.0 9 12 15 21 23 26 29 33 40 55 86 148 238 406 434 317 205 130 89 62 50 41 34 30 27 24 22 20 18 16 12 0

1.5 7 8 10 14 15 16 18 20 22 25 29 34 45 101 220 339 373 320 234 131 80 53 40 34 30 27 24 21 19 17 12 2
2.0 4 6 7 9 9 10 11 12 13 15 16 18 20 25 37 72 150 252 336 312 216 109 58 42 34 30 27 24 20 18 13 8
2.5 3 4 5 6 7 7 8 8 9 10 11 12 13 16 19 25 39 75 142 262 308 229 108 58 41 34 30 27 22 19 14 11
3.0 1 2 3 4 4 5 5 6 6 7 7 8 8 10 12 14 17 22 31 76 169 288 236 122 64 43 35 30 24 20 16 11
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.30 * * * TC = 0.1 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 154 568 936 524 217 172 149 126 107 97 86 76 69 63 58 53 48 46 42 38 34 31 30 28 27 24 20 19 0
.10 0 0 0 19 109 415 762 603 346 230 176 143 119 96 84 74 68 62 57 50 47 44 40 35 32 30 29 27 24 21 19 0
.20 0 0 0 0 13 77 302 609 605 432 297 217 167 115 94 81 73 66 60 53 48 45 41 37 33 31 29 28 25 21 19 0
.30 0 0 0 0 9 54 219 479 563 476 357 263 199 129 99 85 75 68 62 54 49 45 41 37 33 31 29 28 25 21 19 0

.40 0 0 0 0 0 6 38 159 372 500 484 399 309 183 123 96 82 73 66 58 51 46 42 38 34 31 30 28 25 22 19 0

.50 0 0 0 0 0 4 27 115 287 429 465 421 346 213 138 103 86 76 68 59 52 47 43 39 34 32 30 29 25 22 19 0

.75 0 0 0 0 0 0 1 10 46 132 246 338 381 341 243 165 119 94 80 67 58 50 45 41 37 33 31 29 26 23 19 0
1.0 0 0 0 0 0 0 0 1 4 22 69 149 241 357 331 246 170 122 96 76 64 54 47 42 38 34 32 30 27 24 19 0

1.5 0 0 0 0 0 0 0 0 0 0 0 1 4 41 142 258 310 285 224 142 97 71 55 47 43 39 35 32 29 25 20 4
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 10 49 130 221 279 255 182 108 70 55 47 42 38 34 30 27 20 11
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 14 52 119 224 256 193 107 70 55 47 42 38 32 28 22 17
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 9 52 141 240 199 117 74 56 48 43 35 30 24 18
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.50 * * * TC = 0.1 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 70 539 377 196 171 154 134 117 108 99 89 83 77 72 67 61 59 56 51 46 43 42 40 38 34 30 28 0
.10 0 0 0 0 47 375 376 256 199 169 146 126 114 102 92 85 79 73 68 62 59 56 52 47 43 42 40 38 34 30 28 0
.20 0 0 0 0 0 31 260 338 283 227 189 160 138 112 99 90 83 77 72 64 60 57 53 48 44 42 41 39 35 30 28 0
.30 0 0 0 0 0 0 21 180 285 284 246 208 176 131 110 97 88 82 76 68 62 59 54 50 45 43 41 39 36 31 28 0

.40 0 0 0 0 0 0 14 125 232 266 253 223 192 142 115 100 91 83 77 69 63 59 55 50 45 43 41 40 36 31 28 0

.50 0 0 0 0 0 0 9 86 183 239 248 231 205 154 122 104 93 85 79 71 64 59 55 51 46 43 41 40 36 32 28 0

.75 0 0 0 0 0 0 3 31 87 147 190 211 213 184 147 121 103 92 84 75 67 61 57 52 47 44 42 40 37 32 28 0
1.0 0 0 0 0 0 0 0 0 1 13 45 92 141 205 197 165 134 112 98 84 75 65 59 55 50 46 43 41 38 34 28 0

1.5 0 0 0 0 0 0 0 0 0 0 0 2 9 51 118 170 183 167 143 111 92 77 65 59 54 50 45 43 39 35 28 2
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 15 51 103 148 168 156 127 96 76 65 58 54 49 45 41 37 29 12
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 9 31 69 131 159 140 101 78 66 59 54 50 43 39 31 24
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 11 46 101 151 134 99 77 65 59 54 45 41 33 26
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

RAINFALL TYPE = II * * * TC = 0.1 HR * * * SHEET 1 OF 10
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.10 * * * TC = 0.2 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 23 31 47 209 403 739 800 481 250 166 128 102 86 70 61 54 49 44 40 35 33 30 27 24 21 20 19 18 16 13 12 0
.10 19 26 39 86 168 325 601 733 565 355 229 161 122 83 69 59 53 47 43 37 34 31 28 25 22 21 19 18 16 14 12 0
.20 17 23 32 49 74 136 262 488 652 594 435 298 207 115 81 67 58 51 46 40 35 32 29 26 23 21 20 19 16 14 12 0
.30 16 22 30 46 64 112 212 396 566 585 485 360 258 139 90 71 60 53 48 41 36 32 29 26 23 21 20 19 16 14 12 0

.40 14 19 25 37 43 57 94 173 322 485 551 507 409 227 129 87 68 58 52 44 38 33 30 27 24 21 20 19 17 14 12 0

.50 13 18 24 35 40 52 80 142 262 410 504 506 441 269 153 98 73 61 53 45 39 34 30 27 24 22 20 19 17 15 12 0

.75 10 13 17 23 26 30 34 40 55 86 150 247 349 438 360 240 151 101 75 57 47 39 33 29 26 23 21 20 18 15 12 0
1.0 9 11 14 19 21 24 26 30 35 44 62 101 167 337 413 353 245 157 104 68 53 42 35 31 28 24 22 20 18 16 12 0

1.5 6 8 10 13 14 15 17 19 21 23 26 30 37 73 166 288 356 337 264 154 91 57 42 35 30 27 24 22 19 17 13 3
2.0 4 5 7 8 9 10 10 11 12 14 15 16 18 23 31 55 114 206 291 324 239 125 63 44 35 31 28 24 20 18 14 9
2.5 3 4 5 6 6 7 7 8 9 9 10 11 12 15 18 22 32 58 111 227 298 246 122 63 43 35 31 27 22 19 15 11
3.0 1 2 3 4 4 4 5 5 6 6 7 7 8 9 11 13 16 19 27 59 138 280 248 137 70 46 36 31 25 21 16 11
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.30 * * * TC = 0.2 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 39 180 545 697 497 276 198 158 130 110 93 81 73 67 61 56 49 46 43 39 35 32 30 29 27 24 21 19 0
.10 0 0 0 2 27 129 407 600 532 361 252 190 150 108 90 79 71 65 59 52 48 44 41 36 32 31 29 28 25 21 19 0
.20 0 0 0 2 19 92 302 501 521 415 306 228 176 119 95 82 73 67 61 53 48 45 41 37 33 31 29 28 25 21 19 0
.30 0 0 0 0 1 13 66 223 408 484 438 350 269 163 114 93 80 72 65 57 51 46 42 38 34 31 30 28 25 22 19 0

.40 0 0 0 0 1 9 47 164 327 431 436 379 306 189 127 98 83 74 67 58 52 47 43 38 34 31 30 28 25 22 19 0

.50 0 0 0 0 0 0 6 33 120 258 374 415 391 271 173 121 95 81 72 62 55 48 44 40 35 32 30 29 26 22 19 0

.75 0 0 0 0 0 0 2 13 50 126 221 302 348 323 240 167 121 96 81 68 59 50 45 41 37 33 31 29 26 23 19 0
1.0 0 0 0 0 0 0 0 0 1 6 24 69 139 285 331 280 204 145 109 82 68 56 48 43 39 35 32 30 27 24 19 0

1.5 0 0 0 0 0 0 0 0 0 0 0 0 1 16 79 186 271 288 247 165 110 76 58 49 44 40 35 32 29 26 20 5
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 24 80 163 235 262 202 123 76 58 49 43 39 35 30 27 21 13
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 28 77 179 242 207 120 75 57 48 43 39 32 29 22 17
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 30 101 207 227 130 80 59 49 44 35 30 24 18
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.50 * * * TC = 0.2 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 0 7 98 371 322 221 182 158 137 120 104 94 86 80 74 69 62 60 57 52 47 44 42 40 39 35 30 28 0
.10 0 0 0 0 4 67 270 305 249 204 174 149 130 108 97 88 82 76 71 64 60 57 53 48 44 42 41 39 35 30 28 0
.20 0 0 0 0 0 3 45 195 268 255 221 189 163 125 106 95 87 80 75 67 62 58 54 49 45 43 41 39 35 31 28 0
.30 0 0 0 0 0 2 31 140 226 245 229 203 176 134 111 98 89 82 76 68 62 59 55 50 45 43 41 39 36 31 28 0

.40 0 0 0 0 0 1 21 101 184 225 228 211 188 144 117 101 91 84 78 69 63 59 55 50 45 43 41 40 36 31 28 0

.50 0 0 0 0 0 0 1 14 72 146 199 218 213 175 137 113 99 89 82 73 66 60 56 52 47 43 42 40 36 32 28 0

.75 0 0 0 0 0 0 0 5 28 71 121 162 186 193 161 133 112 98 88 78 70 62 57 53 48 44 42 41 37 33 28 0
1.0 0 0 0 0 0 0 0 0 0 2 13 38 77 154 186 174 147 122 105 89 78 68 60 56 51 46 43 42 38 34 28 0

1.5 0 0 0 0 0 0 0 0 0 0 0 0 2 22 71 129 163 168 150 120 98 80 67 60 55 51 46 43 40 36 28 4
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5 25 65 112 146 157 134 103 79 67 60 55 50 46 41 38 29 14
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 8 26 60 117 148 136 101 79 66 59 54 50 43 39 31 24
3,0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 9 40 90 142 130 99 78 66 59 54 45 41 33 26
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

RAINFALL TYPE = II * * * TC = 0.2 HR * * * SHEET 2 OF 10
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.10 * * * TC = 0.3 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 20 28 41 118 235 447 676 676 459 283 196 146 114 80 66 57 51 46 42 37 33 31 28 24 22 20 19 18 16 13 12 0
.10 19 26 39 99 189 361 571 641 520 362 251 181 136 89 70 60 53 48 43 37 34 31 28 25 22 21 19 18 16 14 12 0
.20 17 23 32 53 83 154 292 478 587 542 422 308 223 127 86 68 58 52 46 40 35 32 29 26 23 21 20 19 16 14 12 0
.30 16 22 30 49 72 127 237 398 524 536 460 359 268 151 97 73 61 53 48 41 36 32 29 26 23 21 20 19 16 14 12 0

.40 14 19 25 37 45 63 105 193 330 459 510 477 398 237 139 92 70 59 52 44 38 34 30 27 24 21 20 19 17 14 12 0

.50 13 18 24 35 42 56 89 158 272 397 472 475 424 274 163 104 76 62 54 46 39 34 30 27 24 22 20 19 17 15 12 0

.75 11 14 19 26 30 34 42 59 95 160 250 339 417 398 299 196 128 89 69 54 45 37 32 29 26 23 21 20 17 15 12 0
1.0 9 11 14 19 21 24 27 30 36 46 68 109 174 328 396 346 248 163 109 70 54 43 35 31 28 24 22 20 18 16 12 0

1.5 6 8 10 13 14 15 17 19 21 23 26 31 38 77 169 282 347 330 264 158 94 58 42 35 31 27 24 22 19 17 13 3
2.0 4 5 7 8 9 10 10 11 12 14 15 16 18 23 32 57 116 205 285 317 239 128 64 44 36 31 28 25 20 18 14 9
2.5 2 4 5 6 6 7 7 8 9 9 10 11 12 15 18 23 33 60 113 223 293 245 125 65 44 35 31 27 22 19 15 11
3.0 1 2 3 4 4 4 5 5 6 6 7 7 8 9 11 13 16 20 27 61 138 275 246 139 72 46 36 31 25 21 16 11
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.30 * * * TC = 0.3 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 11 64 251 525 574 454 303 221 173 140 104 88 77 70 64 58 51 47 44 40 36 32 31 29 28 24 21 19 0
.10 0 0 0 0 7 45 183 411 520 476 360 268 205 133 101 85 76 69 62 55 49 45 41 37 33 31 30 28 25 21 19 0
.20 0 0 0 0 5 32 132 318 452 468 396 310 240 151 109 90 78 70 64 56 50 46 42 38 33 31 30 28 25 22 19 0
.30 0 0 0 0 0 3 22 96 244 383 440 411 344 217 142 105 87 76 69 60 53 47 43 39 35 32 30 29 26 22 19 0

.40 0 0 0 0 0 2 16 69 186 317 399 407 365 246 160 115 92 79 71 61 54 48 43 39 35 32 30 29 26 22 19 0
,50 0 0 0 0 0 0 2 11 50 140 258 352 389 327 223 149 110 89 77 66 57 50 45 41 36 33 31 29 26 23 19 0
.75 0 0 0 0 0 0 1 4 20 63 135 219 290 335 281 205 146 110 89 72 62 52 46 42 38 34 31 30 27 23 19 0
1.0 0 0 0 0 0 0 0 0 0 2 9 32 78 216 320 306 243 176 128 90 72 59 49 44 40 36 33 31 28 24 19 1

1.5 0 0 0 0 0 0 0 0 0 0 0 0 2 20 84 185 264 281 246 168 112 77 58 49 44 40 36 32 29 26 20 5
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 12 50 121 200 257 224 141 83 61 50 44 40 36 31 28 21 14
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 16 51 145 239 223 137 82 60 50 44 40 33 29 22 17
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 19 74 184 224 146 89 63 51 45 36 31 24 18
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.50 * * * TC = 0.3 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 1 25 151 299 277 219 187 162 141 113 100 90 84 78 72 65 61 58 53 48 44 42 41 39 35 31 28 0
.10 0 0 0 0 1 17 106 235 263 234 202 175 152 120 104 93 85 79 73 66 61 58 54 49 44 42 41 39 35 31 28 0
.20 0 0 0 0 0 0 12 75 182 236 234 213 188 144 116 101 91 84 78 70 63 59 55 50 45 43 41 40 36 31 28 0
.30 0 0 0 0 0 0 8 52 138 203 224 217 197 154 123 105 94 86 79 71 64 59 55 51 46 43 42 40 36 32 28 0

.40 0 0 0 0 0 0 5 37 105 170 206 213 203 164 131 110 97 88 81 72 65 60 56 51 46 43 42 40 36 32 28 0

.50 0 0 0 0 0 0 0 4 26 78 140 184 203 191 155 126 107 95 86 76 69 62 57 53 48 44 42 41 37 33 28 0

.75 0 0 0 0 0 0 0 1 10 34 73 117 153 184 173 146 122 105 94 82 73 64 58 54 49 45 43 41 37 33 28 0
1.0 0 0 0 0 0 0 0 0 0 0 4 17 42 114 168 178 159 134 114 94 82 70 61 57 52 47 44 42 39 35 28 0

1.5 0 0 0 0 0 0 0 0 0 0 0 0 1 10 44 98 144 163 157 130 105 84 69 61 56 52 47 44 40 36 29 6
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 14 44 87 127 153 141 110 83 69 61 56 51 47 42 38 30 17
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 16 42 97 138 145 107 82 68 60 55 51 43 40 32 25
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 5 27 71 127 139 105 81 68 60 55 46 41 33 27
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.10 * * * TC = 0.4 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 18 25 36 77 141 271 468 592 574 431 298 216 163 104 77 63 55 49 44 38 34 31 28 25 22 21 20 18 16 14 12 0
.10 18 24 34 67 116 219 385 523 557 473 357 263 196 119 84 67 57 51 46 39 35 32 29 25 22 21 20 19 16 14 12 0
.20 15 20 28 44 59 97 179 316 454 523 489 401 309 178 112 81 65 56 49 42 37 33 30 26 23 21 20 19 17 14 12 0
.30 15 20 27 41 53 82 147 260 389 478 486 429 349 210 129 89 69 58 51 43 38 33 30 27 24 21 20 19 17 14 12 0

.40 13 17 23 33 38 48 71 121 214 331 429 467 442 308 189 120 85 66 56 47 41 35 31 28 24 22 20 19 17 15 12 0

.50 12 16 22 31 36 44 62 102 176 279 379 438 440 339 218 137 94 71 59 49 42 35 31 28 25 22 21 19 17 15 12 0

.75 10 13 17 24 26 30 35 45 65 106 170 251 326 393 341 245 164 112 81 59 48 39 33 30 26 23 21 20 18 15 12 0
1.0 8 10 13 17 19 21 24 27 31 37 50 75 118 251 360 376 292 205 138 83 60 45 36 32 28 25 22 21 18 16 12 1

1.5 6 7 9 12 13 14 15 17 19 21 23 26 31 56 121 224 311 333 293 192 115 66 45 36 31 28 25 22 19 17 13 4
2.0 4 5 6 8 8 9 10 10 11 12 14 15 16 20 27 43 85 159 243 306 264 154 74 47 37 32 28 25 21 18 14 9
2.5 2 3 4 5 6 6 7 7 8 9 9 10 11 13 16 20 27 46 85 184 285 262 147 74 47 37 32 28 22 19 15 11
3.0 1 2 2 3 4 4 4 5 5 6 6 7 7 8 10 12 14 17 23 47 109 227 268 160 83 50 38 32 25 21 16 11
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.30 * * * TC = 0.4 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 4 26 113 296 480 495 413 306 234 186 127 100 84 74 67 61 54 49 45 41 37 33 31 29 28 25 21 19 0
.10 0 0 0 0 2 18 81 224 395 462 430 347 272 172 121 96 82 73 66 57 51 46 42 38 34 31 30 28 25 22 19 0
.20 0 0 0 0 2 13 59 169 320 414 424 373 305 196 134 103 85 75 67 59 52 47 43 39 34 32 30 29 25 22 19 0
.30 0 0 0 0 0 1 9 42 127 255 361 403 383 274 181 127 99 83 73 63 55 48 44 40 36 32 30 29 26 23 19 0

.40 0 0 0 0 0 1 6 30 94 202 308 372 379 298 203 141 106 87 76 65 56 49 44 40 36 32 31 29 26 23 19 0

.50 0 0 0 0 0 0 0 4 21 70 158 258 334 364 270 187 133 102 85 70 60 51 46 41 37 33 31 30 26 23 19 0

.75 0 0 0 0 0 0 0 2 8 30 76 145 219 321 305 241 177 130 102 78 65 55 47 43 38 34 32 30 27 24 19 0
1.0 0 0 0 0 0 0 0 0 0 1 4 15 42 150 267 308 272 209 154 103 79 62 51 45 41 37 33 31 28 25 19 1

1.5 0 0 0 0 0 0 0 0 0 0 0 0 1 10 51 136 226 274 263 195 131 85 62 51 45 41 36 33 29 26 20 6
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 31 86 162 252 239 162 93 64 52 45 41 37 31 28 21 15
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 9 33 112 202 235 155 92 64 52 45 41 33 29 23 18
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 21 76 182 221 148 90 63 51 45 36 31 24 l8
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.50 * * * TC = 0.4 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 0 0 7 59 168 245 257 213 186 163 128 109 96 88 81 75 67 62 58 54 50 45 43 41 39 35 31 28 0
.10 0 0 0 0 0 0 5 41 125 205 240 222 198 154 123 106 94 86 79 71 64 60 56 51 46 43 42 40 36 32 28 0
.20 0 0 0 0 0 0 3 28 93 168 216 220 205 164 131 110 97 88 81 72 65 60 56 51 46 43 42 40 36 32 28 0
.30 0 0 0 0 0 0 0 2 20 69 135 189 209 192 155 126 107 95 86 77 69 62 57 53 48 44 42 41 37 33 28 0

.40 0 0 0 0 0 0 0 1 14 50 106 161 193 202 163 133 112 98 89 78 70 62 58 53 48 44 42 41 37 33 28 0

.50 0 0 0 0 0 0 0 1 9 37 83 135 174 194 171 140 117 102 91 80 71 63 58 54 49 45 43 41 37 33 28 0

.75 0 0 0 0 0 0 0 0 0 3 15 40 76 147 177 169 146 124 107 90 79 68 60 56 51 47 43 42 38 34 28 0
1.0 0 0 0 0 0 0 0 0 0 0 1 7 21 78 141 173 167 146 125 101 86 73 63 58 53 48 45 42 39 35 28 1

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 5 26 71 121 153 159 139 113 89 72 63 57 53 48 44 40 37 29 7
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 16 45 86 138 150 125 93 74 64 58 53 48 42 39 31 20
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 17 59 112 143 121 91 73 63 57 53 45 40 32 26
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 11 40 101 138 117 90 73 63 57 48 42 34 27
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.10 * * * TC = 0.5 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 17 23 32 57 94 170 308 467 529 507 402 297 226 140 96 74 61 53 47 41 36 32 29 26 23 21 20 19 16 14 12 0
.10 16 22 30 51 80 140 252 395 484 499 434 343 265 162 108 80 65 55 49 42 36 33 29 26 23 21 20 19 16 14 12 0
.20 14 19 25 38 47 69 116 207 332 434 477 449 378 238 149 101 77 62 53 45 39 34 30 27 24 22 20 19 17 14 12 0
.30 13 18 24 35 43 60 97 170 278 382 446 448 401 270 171 114 83 66 56 46 40 34 31 27 24 22 20 19 17 15 12 0

.40 12 15 21 29 33 40 53 83 141 233 332 408 434 361 243 157 107 79 64 51 43 36 32 28 25 22 21 20 17 15 12 0

.50 11 15 20 28 31 37 48 71 118 194 286 367 412 378 271 178 119 86 68 53 44 37 32 29 25 23 21 20 17 15 12 0

.75 9 11 14 19 21 24 27 31 37 49 74 118 182 319 374 328 244 169 117 76 56 43 35 31 28 25 22 21 18 16 12 1
1.0 7 9 12 16 17 19 21 24 27 32 40 55 83 188 309 359 322 245 172 102 68 49 38 32 29 26 23 21 19 16 12 1

1.5 5 7 8 11 12 13 14 15 17 19 21 23 27 43 89 175 269 322 309 225 140 77 49 38 32 29 25 23 20 17 13 5
2.0 3 4 6 7 8 8 9 10 10 11 12 14 15 18 23 35 65 123 202 297 280 181 88 52 39 33 29 26 21 19 14 10
2.5 2 3 4 5 5 6 6 7 7 8 9 9 10 12 15 18 24 36 66 150 244 278 171 87 52 39 33 29 23 20 15 11
3.0 1 1 2 3 3 4 4 4 5 5 6 6 7 8 9 11 13 16 20 37 86 198 263 182 96 56 40 33 26 21 16 11
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.30 * * * TC = 0.5 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 1 9 53 157 314 433 439 379 299 237 159 118 95 81 71 65 56 50 46 42 38 34 31 30 28 25 22 19 0
.10 0 0 0 0 1 6 37 117 248 372 416 391 330 218 150 113 92 79 70 60 53 47 43 39 35 32 30 29 26 22 19 0
.20 0 0 0 0 1 4 26 87 194 313 382 388 349 244 167 122 97 82 72 62 54 48 43 39 35 32 30 29 26 22 19 0
.30 0 0 0 0 0 0 3 19 64 151 259 341 372 316 223 156 117 94 80 67 58 50 45 41 36 33 31 29 26 23 19 0

.40 0 0 0 0 0 0 2 13 47 116 211 298 354 328 245 172 127 100 83 69 59 51 45 41 37 33 31 29 26 23 19 0

.50 0 0 0 0 0 0 0 1 9 34 89 170 255 341 303 225 161 120 96 76 64 54 47 42 38 34 31 30 27 24 19 0

.75 0 0 0 0 0 0 0 1 4 14 41 89 152 270 305 268 207 155 118 87 70 57 48 44 39 35 32 30 27 24 19 0
1.0 0 0 0 0 0 0 0 0 0 0 2 7 22 98 212 295 285 237 181 120 88 67 53 46 42 38 34 31 28 25 19 2

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 5 30 95 183 249 265 217 152 96 66 53 46 41 37 34 30 26 20 8
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 18 59 125 221 245 182 105 69 54 47 42 38 32 28 22 16
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 5 21 84 174 230 172 103 69 54 46 42 34 30 23 18
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 13 56 157 217 163 101 68 53 46 37 31 25 18
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.50 * * * TC = 0.5 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 0 0 2 26 89 170 217 229 200 179 144 119 104 93 85 78 70 64 59 55 51 46 43 41 40 36 32 28 0
.10 0 0 0 0 0 0 1 18 65 135 190 216 205 170 137 115 101 91 83 74 67 61 56 52 47 44 42 40 36 32 28 0
.20 0 0 0 0 0 0 1 12 47 106 162 198 203 178 145 121 105 94 85 76 68 61 57 52 48 44 42 40 37 32 28 0
.30 0 0 0 0 0 0 0 1 8 34 82 135 177 194 168 139 117 102 92 80 71 63 58 54 49 45 43 41 37 33 28 0

.40 0 0 0 0 0 0 0 0 6 25 63 111 155 189 174 146 122 106 94 82 73 64 58 54 50 45 43 41 37 33 28 0

.50 0 0 0 0 0 0 0 0 4 18 48 90 133 184 177 152 128 110 97 84 74 65 59 55 50 45 43 41 38 33 28 0

.75 0 0 0 0 0 0 0 0 1 7 22 47 80 142 169 164 144 124 108 91 79 68 61 56 51 47 44 42 38 34 28 0
1.0 0 0 0 0 0 0 0 0 0 0 1 3 11 51 112 155 166 154 134 109 91 76 65 59 54 49 45 43 39 35 28 2

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 2 16 50 97 136 154 145 121 95 75 64 58 54 49 45 41 37 29 10
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 18 47 86 134 146 125 94 75 64 58 53 49 42 39 31 21
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 11 44 95 140 127 97 77 65 58 54 45 41 33 26
3.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 7 29 86 135 122 95 76 65 58 49 43 35 27
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.10 * * * TC = 0.75 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 13 18 24 36 46 68 115 194 294 380 424 410 369 252 172 123 93 74 61 49 41 35 31 27 24 22 20 19 17 15 12 0
.10 13 17 23 34 42 59 97 162 250 337 395 405 381 279 191 135 100 79 65 51 42 36 31 28 25 22 21 19 17 15 12 0
.20 11 15 20 28 32 39 52 82 135 211 295 362 391 351 255 178 127 95 75 57 46 38 32 29 26 23 21 20 17 15 12 0
.30 11 14 19 26 30 36 47 70 113 179 256 326 379 360 277 196 140 103 80 60 48 38 33 29 26 23 21 20 18 15 12 0

.40 10 12 16 22 25 28 33 42 61 96 151 221 291 367 336 255 182 131 98 69 54 42 34 30 27 24 22 20 18 16 12 0

.50 9 12 16 21 24 27 31 39 53 82 128 190 258 358 343 274 200 144 106 74 56 43 35 30 27 24 22 20 18 16 12 0

.75 8 10 13 17 18 21 23 26 31 39 55 82 122 230 314 329 281 217 161 104 72 51 38 33 29 26 23 21 19 16 12 1
1.0 6 8 10 13 14 15 17 19 21 23 27 32 42 89 177 272 319 303 249 163 105 66 45 36 31 27 24 22 19 17 13 3

1.5 4 6 7 9 10 10 11 12 14 15 16 18 20 27 46 90 163 241 295 275 204 119 66 45 35 31 27 24 20 18 13 7
2.0 3 4 5 6 7 7 8 9 9 10 11 12 13 16 20 28 48 89 151 245 274 213 115 65 44 35 30 27 22 19 14 10
2.5 1 2 3 4 4 5 5 6 6 7 7 8 8 10 12 14 17 24 37 86 170 260 219 127 71 47 36 31 24 20 16 11
3.0 1 1 2 3 3 3 4 4 4 5 5 5 6 7 8 10 11 14 17 30 64 157 247 205 122 70 46 36 27 22 17 12
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.30 * * * TC = 0.75 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 1 6 30 86 174 266 326 348 328 246 181 138 110 92 79 66 57 49 44 40 36 32 31 29 26 23 19 0
.10 0 0 0 0 0 1 4 22 65 137 223 292 329 303 228 170 131 106 89 73 61 52 46 41 37 33 31 29 26 23 19 0
.20 0 0 0 0 0 0 3 15 48 108 185 256 305 321 245 184 141 112 93 75 63 53 46 42 37 34 31 30 27 23 19 0
.30 0 0 0 0 0 0 2 11 36 84 151 221 277 308 260 199 152 120 98 78 65 54 47 42 38 34 31 30 27 23 19 0

.40 0 0 0 0 0 0 0 1 8 27 65 122 188 286 301 243 187 144 114 87 71 57 48 43 39 35 32 30 27 24 19 1

.50 0 0 0 0 0 0 0 1 6 20 50 98 158 263 292 254 200 155 122 91 74 59 49 44 40 35 32 30 27 24 19 1

.75 0 0 0 0 0 0 0 0 0 2 8 23 51 140 231 269 253 211 167 119 90 68 53 46 42 37 34 31 28 25 19 2
1.0 0 0 0 0 0 0 0 0 0 0 0 1 4 29 96 186 249 261 231 169 120 84 61 50 44 40 36 33 29 26 20 5

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 1 8 34 91 163 220 241 197 131 83 61 50 44 40 35 31 27 21 12
2.0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 2 11 36 85 174 226 200 127 82 60 49 44 39 32 29 22 17
2.5 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 37 105 196 214 135 87 62 51 44 36 31 24 18
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 24 96 205 189 130 85 62 50 39 32 26 18
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.50 * * * TC = 0.75 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 0 0 2 16 45 92 137 166 185 170 146 125 110 98 89 79 70 63 58 53 48 44 42 41 37 33 28 0
.10 0 0 0 0 0 0 0 1 11 34 73 115 149 180 163 141 122 107 96 84 74 65 59 54 50 45 43 41 38 33 28 0
.20 0 0 0 0 0 0 0 1 8 25 57 96 131 173 166 146 126 111 99 86 76 66 59 55 50 46 43 41 38 34 28 0
.30 0 0 0 0 0 0 0 0 1 5 18 44 79 143 170 160 141 122 108 92 81 69 61 56 52 47 44 42 38 34 28 1

.40 0 0 0 0 0 0 0 0 0 4 14 34 64 127 166 162 145 127 111 95 82 70 62 57 52 47 44 42 38 34 28 1

.50 0 0 0 0 0 0 0 0 0 0 2 10 26 82 138 162 157 140 123 103 88 75 64 58 53 49 45 43 39 35 28 2

.75 0 0 0 0 0 0 0 0 0 0 1 4 12 47 98 139 154 148 135 113 96 80 67 60 55 50 46 43 39 36 29 3
1.0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 30 73 119 146 151 134 113 91 74 63 58 53 48 45 41 37 29 7

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 9 30 66 105 143 143 117 90 73 63 57 52 48 42 39 30 18
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 11 30 77 121 137 114 88 72 63 57 52 44 40 32 25
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 19 55 111 132 111 87 71 62 56 47 42 34 27
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 12 51 112 128 108 86 71 62 51 44 36 27
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.10 * * * TC = 1.0 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 11 15 20 29 35 47 72 112 168 231 289 329 357 313 239 175 133 103 83 63 50 40 33 29 26 23 21 20 17 15 12 0
.10 10 13 17 24 27 33 42 62 95 144 202 260 306 340 293 222 165 126 98 72 56 43 35 30 27 24 22 20 18 15 12 0
.20 10 13 17 23 26 30 38 54 82 123 176 232 281 332 303 238 179 136 105 76 59 45 35 30 27 24 22 20 18 16 12 1
.30 9 12 16 22 24 28 35 48 70 105 152 205 256 323 310 254 193 146 113 81 61 46 36 31 27 24 22 20 18 16 12 1

.40 8 11 14 19 21 23 27 32 42 61 91 132 181 276 318 294 237 181 138 95 70 51 39 32 28 25 23 21 18 16 12 1

.50 8 10 13 18 20 22 25 30 38 53 78 114 159 253 311 300 251 195 149 102 74 53 40 33 29 25 23 21 18 16 12 1

.75 7 8 11 14 16 17 19 21 25 30 38 53 76 146 228 284 293 256 208 143 99 66 46 36 31 27 24 22 19 17 13 2
1.0 5 7 8 11 12 13 14 16 17 19 22 25 31 57 111 188 256 286 272 208 144 90 56 41 33 29 26 23 20 17 13 4

1.5 4 5 6 8 8 9 10 11 12 13 14 15 17 22 33 59 107 171 231 268 235 157 88 56 41 33 29 25 21 18 14 8
2.0 2 3 4 5 5 6 6 7 7 8 9 9 10 12 15 19 27 44 78 157 231 252 167 96 59 42 34 29 23 20 15 11
2.5 1 2 2 3 4 4 4 5 5 6 6 7 7 8 10 12 15 19 27 58 120 214 241 159 94 59 42 34 26 21 16 11
3.0 0 1 1 2 2 3 3 3 4 4 4 5 5 6 7 8 10 12 14 22 44 113 214 231 152 91 58 42 29 23 17 12
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.30 * * * TC = 1.0 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 1 4 16 42 83 137 195 243 271 292 227 178 143 117 98 79 66 55 47 42 38 34 31 30 27 23 19 0
.10 0 0 0 0 0 0 3 12 32 66 113 168 218 279 260 213 169 136 113 88 72 59 49 43 39 35 32 30 27 24 19 1
.20 0 0 0 0 0 0 2 9 24 52 93 143 193 271 271 225 180 145 119 92 75 60 50 44 39 35 32 30 27 24 19 1
.30 0 0 0 0 0 0 1 6 18 41 75 120 169 246 264 234 191 153 125 96 78 62 51 44 40 36 33 31 27 24 19 1

.40 0 0 0 0 0 0 0 1 4 14 32 61 100 190 251 259 222 181 146 109 86 67 53 46 41 37 33 31 28 25 19 2
,50 0 0 0 0 0 0 0 1 3 10 24 49 83 168 237 254 230 191 155 115 90 69 54 47 42 37 34 31 28 25 19 2
,75 0 0 0 0 0 0 0 0 0 1 4 12 25 76 150 213 239 228 198 149 112 82 61 50 44 39 35 32 29 26 20 4
1.0 0 0 0 0 0 0 0 0 0 0 0 1 2 15 51 113 182 226 234 197 150 104 72 56 47 42 38 34 30 27 20 7

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 18 51 104 162 220 210 158 102 71 56 47 42 37 31 28 22 13
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 5 20 49 121 187 209 152 100 70 55 47 41 34 29 23 17
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 7 32 87 171 199 146 98 69 54 46 37 31 24 18
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 13 62 158 192 151 103 73 56 41 34 26 18
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.50 * * * TC = 1.0 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 0 0 1 7 21 42 71 101 126 160 154 138 123 110 100 87 77 67 60 55 50 46 43 41 38 34 28 1
.10 0 0 0 0 0 0 0 1 5 15 33 58 87 134 156 149 134 120 108 93 82 71 62 57 52 47 44 42 38 34 28 1
.20 0 0 0 0 0 0 0 1 4 12 26 48 74 123 153 153 137 123 111 95 84 72 63 57 52 47 44 42 38 34 28 1
.30 0 0 0 0 0 0 0 0 3 9 20 38 62 111 143 150 140 127 114 98 86 73 63 58 53 48 45 42 39 35 28 1

.40 0 0 0 0 0 0 0 0 0 2 6 16 31 75 120 145 148 137 123 106 91 77 66 59 54 49 45 43 39 35 29 2

.50 0 0 0 0 0 0 0 0 0 1 5 12 25 64 109 139 146 139 127 108 94 79 67 60 55 50 46 43 39 36 29 3

.75 0 0 0 0 0 0 0 0 0 0 2 5 12 39 78 115 136 140 134 117 101 84 70 62 56 51 47 44 40 36 29 4
1.0 0 0 0 0 0 0 0 0 0 0 0 0 1 7 26 59 96 125 139 133 117 97 78 66 59 54 49 46 41 37 29 8

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 9 26 54 86 123 133 119 95 77 66 59 54 49 43 39 31 17
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 10 25 64 104 129 116 93 76 65 58 53 45 41 33 24
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 10 34 84 125 117 96 78 66 59 49 43 35 27
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 32 89 122 114 94 77 66 53 45 37 27
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution —continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.10 * * * TC = 1.25 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 10 13 18 25 29 38 54 81 118 163 213 256 284 311 266 212 163 129 104 78 61 47 37 31 27 24 22 20 18 16 12 1
.10 10 13 17 23 27 34 47 69 102 143 189 234 267 297 274 226 175 138 111 82 64 48 38 31 27 24 22 20 18 16 12 1
.20 9 11 15 20 22 26 31 42 60 88 124 168 212 280 292 261 212 166 131 95 72 53 40 33 28 25 23 21 18 16 12 1
.30 8 11 14 19 21 24 29 38 53 76 108 148 190 263 288 268 224 177 140 101 76 55 41 34 29 25 23 21 18 16 12 2

.40 8 10 13 18 20 23 27 34 46 66 94 130 170 245 282 273 235 188 149 107 80 58 42 34 29 26 23 21 19 16 12 2

.50 7 9 12 16 17 19 22 25 31 41 58 82 114 190 256 279 262 222 178 127 93 65 46 36 31 27 24 22 19 17 13 2

.75 6 8 10 14 15 17 19 21 25 31 41 56 78 139 207 254 265 245 208 152 110 75 51 39 32 28 25 22 19 17 13 3
1.0 5 6 8 10 11 13 14 15 17 19 22 26 33 60 109 173 230 261 255 208 153 100 64 46 36 30 26 24 20 18 13 5

1.5 3 4 5 7 7 8 9 9 10 11 12 13 15 19 27 45 79 130 186 247 239 180 108 68 48 37 31 27 22 19 14 10
2.0 2 3 4 5 6 6 7 7 8 8 9 10 11 13 16 22 35 59 98 171 236 236 156 95 62 44 35 30 23 20 15 11
2.5 1 2 2 3 4 4 4 5 5 5 6 6 7 8 10 12 14 19 28 58 114 197 226 163 102 65 46 36 26 21 16 11
3.0 0 1 1 2 2 2 2 3 3 3 4 4 4 5 6 7 9 10 13 19 35 88 184 218 169 109 70 49 31 24 18 12
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.30 * * * TC = 1.25 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 0 0 2 9 25 50 86 130 174 208 253 235 201 164 136 115 92 76 61 51 44 39 35 32 30 27 24 19 1
.10 0 0 0 0 0 0 1 6 19 40 71 110 153 217 247 227 191 157 131 103 84 66 53 46 41 36 33 31 28 24 19 2
.20 0 0 0 0 0 0 1 4 14 31 58 93 133 202 239 231 199 165 138 108 87 68 55 47 41 37 33 31 28 25 19 2
.30 0 0 0 0 0 0 0 1 3 10 24 46 77 152 210 236 222 190 158 122 97 74 58 49 43 38 34 32 28 25 20 3

.40 0 0 0 0 0 0 0 0 2 8 19 37 64 134 196 232 225 198 166 127 101 77 59 50 43 38 35 32 28 25 20 3

.50 0 0 0 0 0 0 0 0 0 2 6 14 30 82 151 206 228 217 189 146 113 85 64 52 45 40 36 33 29 26 20 5

.75 0 0 0 0 0 0 0 0 0 1 2 7 15 49 105 164 205 218 205 166 129 95 69 55 47 41 37 33 29 26 20 6
1.0 0 0 0 0 0 0 0 0 0 0 0 0 1 9 32 77 134 185 214 203 166 120 83 63 52 45 39 35 30 27 21 10

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 11 33 72 121 184 203 171 117 82 62 51 44 39 32 29 22 15
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 7 21 67 132 194 174 123 86 64 52 45 35 31 24 18
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 13 46 121 187 166 119 84 63 52 39 32 25 18
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 8 44 129 180 160 116 83 63 44 35 27 18
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.50 * * * TC = 1.25 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 0 0 0 1 5 13 26 44 68 91 125 142 142 128 117 107 94 83 72 63 57 52 47 44 42 38 34 28 2
.10 0 0 0 0 0 0 0 0 3 10 20 36 57 100 129 140 136 125 114 100 88 76 65 59 54 49 45 43 39 35 29 3
.20 0 0 0 0 0 0 0 0 2 7 16 30 48 90 122 139 139 127 117 102 90 77 66 60 54 49 45 43 39 35 29 3
.30 0 0 0 0 0 0 0 0 0 2 5 12 24 59 98 126 137 134 125 109 96 82 69 61 56 51 46 44 40 36 29 4

.40 0 0 0 0 0 0 0 0 0 1 4 10 19 51 89 119 134 136 127 112 98 83 70 62 56 51 47 44 40 36 29 5

.50 0 0 0 0 0 0 0 0 0 1 3 7 15 43 79 112 131 135 129 114 100 85 71 63 57 52 47 44 40 36 29 6

.75 0 0 0 0 0 0 0 0 0 0 0 1 3 15 39 71 102 123 130 125 112 94 78 67 60 54 49 46 41 37 29 9
1.0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 17 40 71 101 121 129 121 103 84 71 62 56 51 47 42 38 30 13

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 10 26 51 92 119 125 105 86 72 63 57 52 44 40 32 23
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 11 35 72 112 122 103 85 71 63 56 47 42 34 26
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 7 24 66 111 119 101 83 71 62 51 44 36 27
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 23 71 110 116 99 82 70 55 46 37 27
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.10 * * * TC = 1.5 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 9 11 15 21 25 31 41 58 82 112 147 184 216 255 275 236 198 159 129 98 76 57 43 35 30 25 23 21 18 16 12 1
.10 8 10 13 18 20 23 28 37 51 72 98 131 166 226 265 254 226 187 151 113 86 63 46 37 31 26 23 21 19 16 13 2
.20 8 10 13 17 19 22 26 33 45 63 87 116 149 212 259 259 233 197 160 119 90 66 48 38 32 27 24 22 19 16 13 2
.30 7 9 12 16 18 21 24 30 40 55 76 103 134 197 244 255 238 206 169 125 95 68 49 38 32 27 24 22 19 17 13 2

.40 7 8 11 14 15 17 19 23 28 36 49 67 91 151 208 247 252 230 196 146 109 77 54 41 34 29 25 22 19 17 13 3

.50 6 8 10 13 15 16 18 21 26 33 43 59 80 136 194 238 249 235 204 154 115 81 56 42 34 29 25 23 20 17 13 3

.75 5 7 8 11 12 13 14 16 18 21 25 32 42 76 125 179 222 240 233 193 148 102 67 48 38 32 27 24 20 18 13 5
1.0 4 5 7 8 9 10 11 12 13 14 16 18 22 34 59 101 152 201 236 230 193 135 86 59 44 35 30 26 21 18 14 7

1.5 3 4 5 6 6 7 8 8 9 10 11 12 13 16 22 34 58 95 141 203 226 197 131 84 58 43 35 29 23 20 15 10
2.0 1 2 3 4 4 5 5 6 6 7 7 8 9 10 12 16 22 34 56 110 172 218 187 126 82 57 43 34 25 21 16 11
2.5 1 1 2 2 3 3 3 4 4 4 5 5 6 7 8 9 11 14 18 34 69 141 210 190 133 87 60 44 30 23 17 12
3.0 0 0 1 1 2 2 2 2 3 3 3 3 4 5 5 6 8 9 11 16 27 66 149 204 181 128 85 58 35 25 18 12
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.30 * * * TC = 1.5 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

0.0 0 0 0 0 0 1 6 15 31 53 80 112 144 193 225 208 186 157 134 108 89 70 56 48 42 37 34 31 28 25 20 2
.10 0 0 0 0 0 0 1 4 12 25 43 68 97 157 198 219 203 178 151 120 98 77 60 50 44 38 35 32 28 25 20 3
.20 0 0 0 0 0 0 0 1 3 9 19 35 57 114 168 201 213 196 171 135 108 84 64 53 46 40 36 33 29 26 20 4
.30 0 0 0 0 0 0 0 1 2 7 15 29 48 100 155 193 210 200 177 140 113 87 66 54 46 41 36 33 29 26 20 5

.40 0 0 0 0 0 0 0 0 2 5 12 23 39 87 141 184 207 202 182 146 117 89 68 55 47 41 36 33 29 26 20 5
,50 0 0 0 0 0 0 0 0 0 1 4 9 18 51 101 153 190 205 197 164 131 99 73 58 49 43 38 34 30 26 20 7
.75 0 0 0 0 0 0 0 0 0 0 2 4 9 30 68 116 160 189 197 179 147 110 80 62 52 45 39 35 30 27 21 8
1.0 0 0 0 0 0 0 0 0 0 0 0 0 1 5 20 49 92 138 175 195 178 137 97 72 57 48 42 37 31 28 21 12

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 7 21 47 85 145 187 178 133 95 71 57 48 42 34 29 23 16
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 13 45 97 162 180 138 99 74 58 49 38 32 25 18
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 8 31 89 161 174 133 97 72 58 42 34 26 18
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 5 29 98 160 169 129 95 71 48 37 28 19
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

IA/P = 0.50 * * * TC = 1.5 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+

.0 0 0 0 0 0 0 0 3 8 16 27 42 59 92 116 128 130 121 112 100 90 78 67 60 55 50 46 43 39 35 29 4

.10 0 0 0 0 0 0 0 2 6 12 22 35 51 84 110 125 128 123 114 102 91 79 68 61 55 50 46 43 39 35 29 4

.20 0 0 0 0 0 0 0 0 1 4 10 18 29 60 91 114 126 128 120 108 97 83 71 63 57 52 47 44 40 36 29 5

.30 0 0 0 0 0 0 0 0 1 3 8 14 24 52 83 108 123 126 122 110 98 85 72 63 57 52 48 44 40 36 29 6

.40 0 0 0 0 0 0 0 0 0 1 2 6 12 31 60 90 112 124 126 116 104 90 75 66 59 54 49 45 41 37 29 8

.50 0 0 0 0 0 0 0 0 0 0 2 4 9 26 53 83 106 121 125 118 106 91 77 67 60 54 49 46 41 37 29 8

.75 0 0 0 0 0 0 0 0 0 0 1 2 5 16 36 62 88 108 119 122 112 97 81 69 62 56 51 47 42 38 30 11
1.0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 10 26 49 75 98 118 121 108 90 76 66 59 54 49 43 39 31 16

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 11 25 45 80 107 118 106 89 75 65 59 53 45 41 32 23
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 11 32 63 100 115 104 87 74 65 58 48 42 34 26
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 16 48 94 113 105 89 76 66 53 45 36 27
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 15 54 96 111 103 88 75 58 48 38 28
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- + -- + -- + -- + - + --+
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Exhibit 5-II: Tabular hydrograph unit discharges (csm/in) for type II rainfall distribution—continued
TRVL----------------------------------------------------------HYDR0GRAPH TIME(H0URS)------------------------------------------------------
TIME 11.3 11.9 l2.1 12.3 12.5 12.7 13.0 13.4 13.8 14.3 15.0 16.0 17.0 18.0 20.0 26.0
(hr)11.0 11.6 12.0 12.2 12.4 12.6 12.8 13.2 13.6 14.0 14.6 15.5 16.5 17.5 19.0 22.0
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.10 * * * TC = 2.0 HR * * * IA/P = 0.10
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 7 9 12 16 18 21 27 36 49 64 82 104 127 171 201 226 208 193 171 132 105 79 58 45 36 30 26 23 20 17 13 3
.10 6 8 10 14 15 17 20 25 33 43 57 74 94 139 179 204 218 205 188 150 118 88 63 48 38 32 27 24 20 17 13 4
.20 6 8 10 13 14 16 19 23 29 39 51 66 84 128 169 198 213 207 192 157 123 91 65 49 39 33 28 24 20 17 13 4
.30 6 7 9 12 14 15 18 21 27 35 45 59 76 117 159 191 211 208 196 163 128 95 68 51 40 33 28 25 20 18 13 4

.40 5 6 8 11 12 13 15 17 20 24 31 41 53 87 128 167 197 209 205 180 145 106 75 55 43 35 30 26 21 18 14 5

.50 5 6 8 10 11 13 14 16 18 22 28 37 48 78 118 158 190 208 208 185 151 111 77 57 44 36 30 26 21 18 14 5

.75 4 6 7 9 10 11 12 13 15 18 22 27 35 58 91 129 164 191 202 194 167 125 87 63 48 38 32 27 22 18 14 6
1.0 3 4 6 7 8 8 9 10 11 12 14 16 18 28 46 74 110 147 178 201 193 156 108 76 56 43 35 30 23 19 14 8

1.5 2 3 3 5 5 5 6 6 7 8 8 9 10 12 16 23 36 57 86 137 178 195 160 113 79 58 45 36 26 21 16 11
2.0 1 2 2 3 3 4 4 4 5 5 6 6 7 8 10 12 16 23 35 67 112 169 190 154 110 78 57 44 30 23 17 11
2.5 0 1 1 2 2 2 3 3 3 4 4 4 5 6 7 8 9 12 16 28 52 105 170 185 149 107 76 56 35 26 18 12
3.0 0 0 1 1 1 1 1 2 2 2 2 3 3 3 4 5 6 7 8 12 18 41 99 161 180 152 112 80 45 30 19 12
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.30 * * * TC = 2.0 HR * * * IA/P = 0.30
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 0 1 3 8 15 25 38 54 74 115 148 168 185 170 159 131 110 89 70 57 49 42 38 34 29 26 20 5
.10 0 0 0 0 0 0 0 2 6 12 21 32 47 85 124 153 169 180 168 145 120 96 75 60 51 44 39 35 30 26 20 6
.20 0 0 0 0 0 0 0 2 4 10 17 27 41 75 114 146 165 175 170 149 124 99 76 62 52 45 39 35 30 27 21 6
.30 0 0 0 0 0 0 0 0 1 3 7 14 23 49 86 122 151 170 174 160 136 107 82 66 54 47 41 37 31 27 21 8

.40 0 0 0 0 0 0 0 0 1 2 6 11 19 43 77 113 144 165 173 163 140 111 85 67 55 47 41 37 31 27 21 8

.50 0 0 0 0 0 0 0 0 1 2 4 9 16 37 68 104 136 160 171 165 144 114 87 69 56 48 42 37 31 27 21 9

.75 0 0 0 0 0 0 0 0 0 0 1 2 5 15 34 62 96 127 152 167 160 132 100 77 62 52 45 40 32 28 22 11
1.0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 10 24 48 79 111 150 166 153 118 90 71 58 49 43 34 29 23 14

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 3 10 24 45 88 130 161 148 115 88 70 57 48 37 31 24 17
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 10 32 68 122 157 143 113 87 68 56 42 34 26 18
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 4 16 51 114 153 144 116 89 70 49 38 27 19
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 15 59 118 150 140 113 88 57 42 29 19
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

IA/P = 0.50 * * * TC = 2.0 HR * * * IA/P = 0.50
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +

0.0 0 0 0 0 0 0 0 1 4 8 13 20 28 51 73 92 104 111 112 106 97 86 75 66 60 54 49 46 41 37 30 7
.10 0 0 0 0 0 0 0 1 3 6 11 17 24 45 68 87 101 109 112 107 98 88 76 67 60 55 50 46 41 37 30 8
.20 0 0 0 0 0 0 0 1 2 5 9 14 21 40 62 82 98 107 111 108 100 89 77 68 61 55 50 47 41 37 30 8
.30 0 0 0 0 0 0 0 0 0 2 4 7 12 26 46 67 86 100 108 111 104 93 80 70 63 57 52 48 42 38 30 10

.40 0 0 0 0 0 0 0 0 0 1 3 6 10 22 41 62 81 96 106 110 105 94 81 71 63 57 52 48 42 38 30 11

.50 0 0 0 0 0 0 0 0 0 0 1 2 4 13 27 46 67 85 99 110 108 98 85 74 66 59 54 49 43 39 31 13

.75 0 0 0 0 0 0 0 0 0 0 0 1 2 7 18 33 52 71 88 104 108 102 89 77 68 61 55 50 44 39 31 15
1.0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 5 13 25 43 62 87 103 108 97 84 73 65 59 53 45 41 32 20

1.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 5 12 24 48 74 99 106 95 83 72 64 58 48 43 34 25
2.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 5 17 37 69 99 104 94 82 72 64 52 45 36 27
2.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 8 27 65 95 102 95 83 73 58 49 38 28
3.0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 8 32 68 95 101 93 82 64 52 40 28
---- + ---+ -- + - + - + -- + --- + -- + -- +-- + --+ -- + - + -- + -- + -- + -- + -- +-- + --+ -- + -- + -- + -- + -- +--- + -- +-- + -- + -- + - + -- +
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Trench 13 Slope Stability Calculations 

These slope stability calculations are done to confirm the stability of excavation slopes 
and final cover slopes for the design of Trench 13 at the US Ecology Nevada facility 
east of Beatty, NV.  The design for new Trench 13 utilizes a below-grade excavation 
and above-grade and final cover configuration that is identical in most respects to that 
used (and approved by NDEP) for Trench 12.  Differences between Trench 12 and 
Trench 13 slopes primarily are that the Trench 13 maximum excavation depth is slightly 
less than Trench 12 and the Trench 13 maximum final cover height is slightly more than 
Trench 12. 

Aspects of Trench 13 design (and construction) significant to short-term and long-term 
slope stability are assumed to be the same as have been considered, and previously 
approved by the Nevada Division of Environmental Protection (NDEP) for previous US 
Ecology Nevada disposal trench design, including Trench 12 excavation and Trenches 
11 and 12 final covers.  Accordingly, the slope stability evaluation method and 
significant calculation input (e.g., material properties and seismicity) are same for these 
Trench 13 calculations.  As a result of the similarities between new Trench 13 and 
previous trenches and stability evaluations, a limited number of confirming calculations 
are made for Trench 13.  These include the following: 

• Maximum excavation depth with corresponding leveling fill berm thickness, and 
‘natural surface soil layer’ thicknesses of 10, 15, and 20 feet, under static and 
pseudo-static loading conditions 

• Maximum height final cover configuration with 15-feet leveling fill berm thickness, 
under static and pseudo-static loading conditions. 

o Shallow failure – failure plane primarily within final cover material 

o Deep failure – failure plane primarily within waste, penetrating leveling fill 
berm 

Calculation Method:  The computer modeling program WinSTABL Version 3.00 
(2002) (Reference 1) using the Modified Bishop Method of analysis, was used to 
assess slope stability.  This approach is consistent with the approach used, and 
approved by NDEP, for Trench 12.  The model accepts as input the material properties 
(principally unit weight, cohesive strength, and angle of internal friction) and a set of 
coordinates defining the position of the materials in typical Trench 13 cross-sections.  
The model then is asked to find failure surfaces through the various layers.  For these 
analyses, a pseudo-static condition is assumed to represent seismic loading.  The 
output of the model is calculated factors of safety for the identified failure surface and 
materials. 

Trench 13 Design Aspects:  Significant aspects of the Trench 13 design that are 
considered in these calculations are as follow. 
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• Excavation side slopes:  0.5H:1.0V 
• Maximum excavation depth (south side) at 70 feet plus five feet deep typical 

LCRS sump. 
• “Cohesionless” surface soil is removed and replaced with compacted native soil 
• “Leveling” berm placement along south Trench 13 HCL (horizontal control line) to 

elevation 2768 feet and along the north Trench 13 HCL to elevation 2772 feet. 
• Above-grade and waste slopes:  3.0H:1.0V on steep slopes, 20:1 on top deck 

slopes 
• Final cover thickness:  3 feet 
• Final cover maximum elevation:  2860 feet 

All of these design aspects are depicted on materials included with this calculation. 

Materials Properties:  The properties of subsurface, waste, and final cover materials 
considered in these calculations, including layer thicknesses and strength properties, 
are consistent with site-specific laboratory testing results, technical literature, and 
assumptions made for previous slope stability calculations for the US Ecology Nevada 
facility. 

1. Final cover soil- the strength properties of the three-feet thick surface soil layer 
are determined by laboratory testing (loose-placed soil density) and a reasonable 
assumption (cohesion).  Although the final cover soil is intended to be placed 
without compaction, an 85% modified dry density is used as the as-placed 
density target during construction (83% was achieved for the Trench 11 
placement).  As such, a minimal degree of cohesion is assumed to be achieved, 
represented as C=170 PSF.  (Note – C=170 pounds per square foot (PSF) was 
determined by laboratory testing) (Reference 2) 

2. Disposed waste: The assumed cohesive strength of waste is 550 PSF.  1996 
calculations (as cited in Trench 12 calculations) provide justification (copied and 
included in this calculation from “Enclosure C to Attachment 1 of the October 
1996 Response to NOD”) (Reference 2) for using hazardous waste cohesion 
values from 575 to 900 PSF.  The unit weight of waste used in the Trench 12 
and Trench 13 calculations is 100 PCF.  The actual unit weight of waste 
disposed by US Ecology Nevada has been determined to be 96.3 PCF.  
Adjusting the waste weight to 100 PCF is justified by actual site waste disposal 
records.  Waste unit weight likely increases with depth in the disposal cell, and 
might also increase over time as most disposed waste is subject to 
consolidation, but generally not subject to physical degradation.  This 
consolidation is considered by applying slightly increased unit weight and 
cohesion values in a ‘deeper waste’ layer. 

3. Recompacted surface soil layer and leveling berm layer:  Native materials are 
used to replace the “cohesionless surface soil layer” surrounding the HCL  that 
marks the horizontal limit of excavation at ground surface.  The replacement 
zone extends approximately 25 feet, horizontally, outside the HCL.  To consider 
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various possible conditions for this layer, varying thicknesses for the natural soil 
layer (i.e., 10, 15, and 20 feet) are used in stability calculations.   

The leveling berm (i.e., compacted soil fill that is placed from the top of the 
replaced “cohesionless surface soil layer” to elevation 2768 feet along the south 
Trench 13 boundary) is considered to be 6.0 feet thick in the area of the Phase 
13D sump which approximately coincides with the lowest pre-excavation surface 
topography along the south trench boundary.  As such, this represents both the 
location of thickest leveling fill and deepest Trench 13 excavation slope.  The 
leveling berm fill will be constructed of the same materials and placed with the 
same compaction specifications as the recompacted surface soil.  As such, it is 
considered the same layer in these calculations. 

Laboratory testing for Trench 12 determined the dry density (110 PCF) and 
cohesion properties (370 PSF) of the recompacted surface soil (Reference 2).  
These values are used in these calculations. 

In the excavation slope stability analyses, a “sensitivity analysis” was done to 
determine stability for three different thicknesses of the combination of 10, 15 
and 20 feet of “recompacted surface soil” and 6.0 feet of “leveling berm” The 
combinations of “recompacted soil” and “leveling berm” considered in the stability 
analyses are 16, 21, and 26 feet.  These analyses indicated that slope stability is 
acceptable when the total thickness of recompacted soil and leveling berm is 20 
feet or less.  Slope stability is unacceptable (SF<1.0) when the combined 
thickness is more than 20 feet.  Varying thickness are considered because, at 
the time of these calculations, the actual thickness of the cohesionless soil, layer 
(to be replaced) was not known.  If this soil layer is >15 feet thick, additional 
measures might be required to increase the cohesive strength in the 
recompacted soil layer.  A separate evaluation of a combined thickness of 26 
feet thick was considered with increased cohesion, as might be provided by 
addition of portland cement or other additive. 

4. Native surface soil layer.   This layer is present outside the limits of the 
“recompacted surface soil and leveling berm layer”.  As such, few (if any) failure 
surfaces pass through this layer.  The native soil layer also is considered at 
thicknesses of 10, 15 and 20 feet for the excavation stability analyses.  A mid-
range thickness of 14 feet is considered for the final cover stability analyses.  
Properties of this material are the same as were used for Trench 12 stability 
calculations. 

5. Native subsurface layers.  Three layers of native materials are considered in 
these calculations.  The layers are assumed to have the same density with 
depth, with progressively higher cohesive strength.  Soil boring records reviewed 
for the Trench 13 area (Reference 3) do not allow identification of a consistent 
depth for the transition from one layer to the next.  Accordingly, reasonable 
transition depths are assumed.   

• Native subsurface layer 1 
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• Native subsurface layer 2 

• Native subsurface layer 3 

The following table lists the material properties considered. 

 
Material Unit Weight 

(PCF) 
Cohesion 

(PSF) 
Basis for Values 

Final Cover soil 110 170 Laboratory testing 
determined cohesion 
value for 85% MDD 

Disposed Waste (shallow) 100 550 Previous calculation 
Disposed Waste (deep) 115 750 Assumption 
Recompacted surface soil layer 
and leveling berm layer 

110 370 Laboratory test 

Native surface soil layer.   120 0 Previous calculation 
Native subsurface soil layer 1 120 1440 Previous calculation, 

assumption 

Native subsurface soil layer 2 120 2880 Previous calculation, 
assumption 

Native subsurface soil layer 3 120 4320 Previous calculation, 
assumption 

Notes: 
Unit weight and cohesion values in Table from References 2 and 4 
PSF = pounds per square foot 
PCF = pounds per cubic foot 

Results 

To be acceptable, the factors of safety against slope failure under static loading and 
pseudo-static loading conditions should equal or exceed 1.5 and 1.0, respectively.  The 
pseudo-static loading condition is 0.42 g, which simulates the maximum horizontal 
acceleration value with a 90 percent or greater probability of not being exceeded in 250 
years, Nevada Administrative Code (NAC) 444.6793.   The source of these criteria are 
the Trench 11 and Trench 12 slope stability calculations, RCRA regulations/guidance 
based on Federal and NV requirements for MSW landfills (40CFR 258.14), and NDEP 
T12 direction (provided on December 17, 1996). SF criteria from USEPA and other 
guidance (e.g., Ohio EPA). 

The slope conditions and configurations considered are as follow. 
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1. Maximum EXCAVATION depth and three corresponding combined recompacted 
soil and leveling fill berm thicknesses, under static and pseudo-static loading 
conditions 

a. 16-feet thick recompacted surface soil and leveling berm 

b. 21-feet thick recompacted surface soil and leveling berm 

c. 26-feet thick recompacted surface soil and leveling berm 

d. 26-feet thick recompacted surface soil and leveling berm, with increased 
cohesion 

2. Maximum height FINAL COVER configuration with a 14-foot berm used to provide a 
level starting surface for the final cover contruction, under static and pseudo-static 
loading conditions. 

a. Shallow failure – failure plane within final cover material 

b. Deep failure – failure plane within waste, penetrating leveling fill berm 

The results of the slope stability calculations for the various slope and material 
configurations are as follow. 

 
Slope considered Minimum SF 

Static 
Minimum SF 

0.42 g 
Comment 

EXCAVATION    

1a – 16-ft combined 2.01 1.18  

1b – 21-ft combined 1.90 1.01  

1c – 26-ft combined 1.68 0.90 SF<1.0, requires increased 
cohesion or decreased thickness 

1d – 26-ft combined, 
increased cohesion 

-- 1.00 Cohesion in combined layer 
increased to 900 PSF 

FINAL COVER    

2a – Shallow failure 4.74 1.93  

2b – Deep failure 2.50 1.02  
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OUTPUT 

Failure Surfaces and Model Output 
Slope considered Model Run 

Static 
Model Run 

0.42 g 

EXCAVATION   

1a – 16-ft combined 10 foot surface soil - 0 10 foot surface soil – 0.42 

1b – 21-ft combined 15 foot surface soil 0  15 foot surface soil – 0.42 

1c – 26-ft combined 20 foot surface soil -0 20 foot surface soil – 0.42 

1d – 26-ft combined, 
increased cohesion 

NA 20 foot surface soil – 0.42 
increased C 

FINAL COVER   

2a – Shallow failure Shallow cover failure - 0 Shallow cover failure – 0.42 

2b – Deep failure Deep cover failure - 0 Deep cover failure – 0.42 
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Excavation Failure Surfaces 
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Cover Failure Surfaces 
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MODEL OUTPUT FILES 
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EXCAVATION 
10 foot surface soil 

MHA=0.0g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   South Side Excavation - 10 ft surface so 
                                il - MHA = 0.0 g                         
 
 
 
 
          BOUNDARY COORDINATES 
 
             10 Top   Boundaries 
             16 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      29.00      85.00      28.00        4 
              2         85.00      28.00      90.00      23.00        4 
              3         90.00      23.00     100.00      23.00        4 
              4        100.00      23.00     112.00      50.00        4 
              5        112.00      50.00     127.00      82.00        3 
              6        127.00      82.00     132.00      92.00        1 
              7        132.00      92.00     135.00      98.00        1 
              8        135.00      98.00     160.00      98.00        1 
              9        160.00      98.00     181.00      92.00        1 
             10        181.00      92.00     200.00      92.00        2 
             11        127.00      82.00     137.00      82.00        3 
             12        137.00      82.00     153.00      92.00        2 
             13        153.00      92.00     181.00      92.00        2 
             14        137.00      82.00     200.00      82.00        3 
             15        112.00      50.00     200.00      50.00        4 
             16          0.00      20.00     200.00      20.00        5 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
 
 
           5 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
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           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     370.0     35.0    0.00       0.0      0 
            2   120.0    120.0       0.0     35.0    0.00       0.0      0 
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0 
 
 
 
          A Horizontal Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          A Vertical Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          Cavitation Pressure =    0.0 psf 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          250 Trial Surfaces Have Been Generated. 
 
 
           25 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X = 100.00 ft. 
                                       and  X = 125.00 ft. 
 
 
          Each Surface Terminates Between   X = 150.00 ft. 
                                      and   X = 195.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          10.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By 12 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        100.00       23.00 
              2        108.91       27.54 
              3        117.42       32.79 
              4        125.46       38.74 
              5        132.98       45.33 
              6        139.93       52.52 
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              7        146.25       60.27 
              8        151.92       68.51 
              9        156.88       77.19 
             10        161.10       86.26 
             11        164.55       95.64 
             12        164.82       96.62 
 
          Circle Center At X =   49.9 ; Y =  132.5  and Radius,  120.5 
 
 
                ***     2.014   *** 
 
 
 
          Failure Surface Specified By 11 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        102.78       29.25 
              2        111.46       34.22 
              3        119.76       39.80 
              4        127.64       45.95 
              5        135.06       52.66 
              6        141.98       59.88 
              7        148.36       67.57 
              8        154.18       75.71 
              9        159.40       84.24 
             10        164.00       93.12 
             11        165.43       96.45 
 
          Circle Center At X =   37.8 ; Y =  152.9  and Radius,  139.7 
 
 
                ***     2.039   *** 
 
 
 
          Failure Surface Specified By 12 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        100.00       23.00 
              2        109.24       26.83 
              3        118.06       31.54 
              4        126.37       37.10 
              5        134.10       43.45 
              6        141.17       50.52 
              7        147.50       58.26 
              8        153.05       66.58 
              9        157.75       75.40 
             10        161.56       84.65 
             11        164.45       94.22 
             12        164.92       96.59 
 
          Circle Center At X =   65.8 ; Y =  118.8  and Radius,  101.7 
 
 
                ***     2.049   *** 
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          Failure Surface Specified By  9 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        108.33       41.75 
              2        116.66       47.28 
              3        124.70       53.23 
              4        132.42       59.59 
              5        139.81       66.33 
              6        146.84       73.44 
              7        153.50       80.90 
              8        159.77       88.69 
              9        165.39       96.46 
 
          Circle Center At X =    4.5 ; Y =  207.2  and Radius,  195.4 
 
 
                ***     2.054   *** 
 
 
 
          Failure Surface Specified By  9 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        118.68       54.54 
              3        126.24       61.08 
              4        133.79       67.64 
              5        141.34       74.20 
              6        148.87       80.77 
              7        156.40       87.36 
              8        163.92       93.95 
              9        166.44       96.16 
 
          Circle Center At X = ****** ; Y = 6105.0  and Radius, 7998.2 
 
 
                ***     2.071   *** 
 
 
 
          Failure Surface Specified By  8 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        118.34       54.91 
              3        125.48       61.92 
              4        132.52       69.02 
              5        139.46       76.22 
              6        146.30       83.51 
              7        153.04       90.89 
              8        159.36       98.00 
 
          Circle Center At X = -392.6 ; Y =  582.4  and Radius,  734.4 
 
 
                ***     2.086   *** 
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          Failure Surface Specified By 10 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        105.56       35.50 
              2        114.26       40.42 
              3        122.68       45.83 
              4        130.78       51.69 
              5        138.54       57.99 
              6        145.94       64.72 
              7        152.95       71.85 
              8        159.55       79.37 
              9        165.72       87.23 
             10        171.04       94.85 
 
          Circle Center At X =   21.7 ; Y =  193.8  and Radius,  179.2 
 
 
                ***     2.088   *** 
 
 
 
          Failure Surface Specified By  9 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        118.96       54.20 
              3        126.80       60.40 
              4        134.64       66.62 
              5        142.46       72.85 
              6        150.27       79.09 
              7        158.07       85.35 
              8        165.87       91.61 
              9        170.18       95.09 
 
          Circle Center At X = ****** ; Y = 5139.6  and Radius, 6481.5 
 
 
                ***     2.096   *** 
 
 
 
          Failure Surface Specified By  8 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       54.03 
              2        121.34       60.71 
              3        128.64       67.53 
              4        135.81       74.51 
              5        142.83       81.63 
              6        149.70       88.90 
              7        156.41       96.30 
              8        157.89       98.00 
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          Circle Center At X = -205.5 ; Y =  417.8  and Radius,  484.1 
 
 
                ***     2.101   *** 
 
 
 
          Failure Surface Specified By 11 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        100.00       23.00 
              2        107.11       30.03 
              3        114.16       37.13 
              4        121.15       44.28 
              5        128.07       51.49 
              6        134.94       58.76 
              7        141.75       66.09 
              8        148.49       73.47 
              9        155.18       80.91 
             10        161.80       88.40 
             11        168.11       95.68 
 
          Circle Center At X = -733.5 ; Y =  872.4  and Radius, 1190.1 
 
 
                ***     2.103   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     25.00     50.00     75.00    100.00    125.00 
 
          X      0.00 +-------*-+-*-------+---------+---------+---------+ 
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                25.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          A     50.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          X     75.00 +                                                   
                      -                                                   
                      -          *                                        
                      -                                                   
                      -        *                                          
                      -                                                   
          I    100.00 +        *                                          
                      -           2 7                                     
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                      -       ...10  . 4                                  
                      -          ...207..5* 9                             
                      -           .1.....4 .5 .                           
                      -       ........2.7...8 9..  .                      
          S    125.00 +            ..1.....4..56 . . . *                  
                      -        .........2. 7. ...9. ..                    
                      -         .......31..2..4..56....    * *            
                      -        ..............7......6. *.                 
                      -          .........31..2.04.85..9...               
                      -             .........31.7..4...6.....             
               150.00 +          .... ...........1.0..5...9...            
                      -              ............3.72.4 ..6*..            
                      -            .................317.24...*            
                      -              . .................31.21.            
                      -              ....................7.851            
                      -                . ................ ..7             
          F    175.00 +                 .....................             
                      -                    ................*              
                      -                      ...............              
                      -                        .............              
                      -                             ........              
                      -                                 ....              
          T    200.00 +       *           *            *   *              
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EXCAVATION 
10 foot surface soil 

MHA=0.42g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   South Side Excavation - 10 ft surface so 
                                il - MHA = 0.42 g                        
 
 
 
 
          BOUNDARY COORDINATES 
 
             10 Top   Boundaries 
             16 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      29.00      85.00      28.00        4 
              2         85.00      28.00      90.00      23.00        4 
              3         90.00      23.00     100.00      23.00        4 
              4        100.00      23.00     112.00      50.00        4 
              5        112.00      50.00     127.00      82.00        3 
              6        127.00      82.00     132.00      92.00        1 
              7        132.00      92.00     135.00      98.00        1 
              8        135.00      98.00     160.00      98.00        1 
              9        160.00      98.00     181.00      92.00        1 
             10        181.00      92.00     200.00      92.00        2 
             11        127.00      82.00     137.00      82.00        3 
             12        137.00      82.00     153.00      92.00        2 
             13        153.00      92.00     181.00      92.00        2 
             14        137.00      82.00     200.00      82.00        3 
             15        112.00      50.00     200.00      50.00        4 
             16          0.00      20.00     200.00      20.00        5 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
 
 
           5 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
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           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     370.0     35.0    0.00       0.0      0 
            2   120.0    120.0       0.0     35.0    0.00       0.0      0 
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0 
 
 
 
          A Horizontal Earthquake Loading Coefficient 
          Of0.420 Has Been Assigned 
 
          A Vertical Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          Cavitation Pressure =    0.0 psf 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          250 Trial Surfaces Have Been Generated. 
 
 
           25 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X = 100.00 ft. 
                                       and  X = 125.00 ft. 
 
 
          Each Surface Terminates Between   X = 150.00 ft. 
                                      and   X = 195.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          10.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  9 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        118.96       54.20 
              3        126.80       60.40 
              4        134.64       66.62 
              5        142.46       72.85 
              6        150.27       79.09 
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              7        158.07       85.35 
              8        165.87       91.61 
              9        170.18       95.09 
 
          Circle Center At X = ****** ; Y = 5139.6  and Radius, 6481.5 
 
 
                ***     1.182   *** 
 
 
 
          Failure Surface Specified By  9 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        119.35       53.67 
              3        127.55       59.39 
              4        135.71       65.17 
              5        143.84       71.00 
              6        151.92       76.89 
              7        159.96       82.83 
              8        167.96       88.83 
              9        174.56       93.84 
 
          Circle Center At X = -725.7 ; Y = 1273.4  and Radius, 1483.9 
 
 
                ***     1.184   *** 
 
 
 
          Failure Surface Specified By  9 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        118.68       54.54 
              3        126.24       61.08 
              4        133.79       67.64 
              5        141.34       74.20 
              6        148.87       80.77 
              7        156.40       87.36 
              8        163.92       93.95 
              9        166.44       96.16 
 
          Circle Center At X = ****** ; Y = 6105.0  and Radius, 7998.2 
 
 
                ***     1.201   *** 
 
 
 
          Failure Surface Specified By 12 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        102.78       29.25 
              2        110.61       35.47 
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              3        118.44       41.69 
              4        126.26       47.93 
              5        134.07       54.17 
              6        141.88       60.42 
              7        149.68       66.68 
              8        157.47       72.94 
              9        165.25       79.22 
             10        173.03       85.50 
             11        180.81       91.79 
             12        181.07       92.00 
 
          Circle Center At X = ****** ; Y = 7499.1  and Radius, 9533.0 
 
 
                ***     1.228   *** 
 
 
 
          Failure Surface Specified By 12 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        102.78       29.25 
              2        110.97       34.99 
              3        119.11       40.80 
              4        127.20       46.67 
              5        135.24       52.62 
              6        143.24       58.63 
              7        151.18       64.70 
              8        159.07       70.84 
              9        166.91       77.05 
             10        174.70       83.33 
             11        182.43       89.66 
             12        185.23       92.00 
 
          Circle Center At X = -579.4 ; Y = 1011.4  and Radius, 1195.9 
 
 
                ***     1.231   *** 
 
 
 
          Failure Surface Specified By 13 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        102.78       29.25 
              2        111.07       34.84 
              3        119.36       40.43 
              4        127.64       46.04 
              5        135.92       51.65 
              6        144.19       57.27 
              7        152.45       62.90 
              8        160.71       68.54 
              9        168.97       74.18 
             10        177.22       79.84 
             11        185.46       85.50 
             12        193.69       91.17 
             13        194.89       92.00 
 
          Circle Center At X = ****** ; Y = 8084.0  and Radius, 9708.4 
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                ***     1.244   *** 
 
 
 
          Failure Surface Specified By 13 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        102.78       29.25 
              2        111.30       34.49 
              3        119.76       39.81 
              4        128.18       45.21 
              5        136.54       50.70 
              6        144.85       56.26 
              7        153.11       61.89 
              8        161.32       67.61 
              9        169.47       73.41 
             10        177.56       79.28 
             11        185.60       85.23 
             12        193.58       91.26 
             13        194.54       92.00 
 
          Circle Center At X = -443.9 ; Y =  927.2  and Radius, 1051.3 
 
 
                ***     1.250   *** 
 
 
 
          Failure Surface Specified By 11 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        105.56       35.50 
              2        114.11       40.69 
              3        122.57       46.02 
              4        130.93       51.51 
              5        139.19       57.14 
              6        147.35       62.92 
              7        155.41       68.84 
              8        163.36       74.91 
              9        171.20       81.11 
             10        178.93       87.46 
             11        184.27       92.00 
 
          Circle Center At X = -181.5 ; Y =  518.6  and Radius,  562.0 
 
 
                ***     1.251   *** 
 
 
 
          Failure Surface Specified By 10 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        108.33       41.75 



Page 31 of 103 

              2        117.14       46.50 
              3        125.75       51.58 
              4        134.15       57.00 
              5        142.33       62.75 
              6        150.29       68.81 
              7        158.00       75.18 
              8        165.46       81.84 
              9        172.65       88.79 
             10        176.85       93.19 
 
          Circle Center At X =   -8.5 ; Y =  269.0  and Radius,  255.6 
 
 
                ***     1.253   *** 
 
 
 
          Failure Surface Specified By 11 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        105.56       35.50 
              2        114.13       40.64 
              3        122.63       45.92 
              4        131.03       51.34 
              5        139.35       56.89 
              6        147.58       62.57 
              7        155.71       68.39 
              8        163.75       74.33 
              9        171.70       80.41 
             10        179.54       86.61 
             11        186.13       92.00 
 
          Circle Center At X = -208.5 ; Y =  569.2  and Radius,  619.3 
 
 
                ***     1.255   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     25.00     50.00     75.00    100.00    125.00 
 
          X      0.00 +-------*-+-*-------+---------+---------+---------+ 
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                25.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          A     50.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
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                      -                                                   
                      -                                                   
          X     75.00 +                                                   
                      -                                                   
                      -          *                                        
                      -                                                   
                      -        *                                          
                      -                                                   
          I    100.00 +        *                                          
                      -           4 8                                     
                      -       .....  . 9                                  
                      -          ...4.8..1* .                             
                      -           .....4.9 .3 .                           
                      -       ........5.8..21 ...  .                      
          S    125.00 +            ......4.9..1. . . . *                  
                      -        .........65 8. 2.... ..                    
                      -         ...........549...1.....    * *            
                      -        ...........76.8..2..... *.                 
                      -          ............549...13......               
                      -             .........6.8..2..........             
               150.00 +          .... ..........549..21.......            
                      -              ..........6.08.... ...*..            
                      -            ...............549..213...*            
                      -              . ..........6..8.......3.            
                      -              ................549..213.            
                      -                . ..........76.8.. 9.1             
          F    175.00 +                 ...............54..92             
                      -                    ...........6..8.*              
                      -                      .............55              
                      -                        .........6..0              
                      -                             ......67              
                      -                                 ...6              
          T    200.00 +       *           *            *   *              
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EXCAVATION 
15 foot surface soil 

MHA=0.0g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   South Side Excavation - 15 ft - MHA = 0. 
                                0 g                                      
 
 
 
 
          BOUNDARY COORDINATES 
 
             10 Top   Boundaries 
             16 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      29.00      85.00      28.00        4 
              2         85.00      28.00      90.00      23.00        4 
              3         90.00      23.00     100.00      23.00        4 
              4        100.00      23.00     112.00      50.00        4 
              5        112.00      50.00     125.00      77.00        3 
              6        125.00      77.00     132.00      92.00        1 
              7        132.00      92.00     135.00      98.00        1 
              8        135.00      98.00     160.00      98.00        1 
              9        160.00      98.00     181.00      92.00        1 
             10        181.00      92.00     200.00      92.00        2 
             11        125.00      77.00     135.00      77.00        3 
             12        135.00      77.00     150.00      92.00        2 
             13        150.00      92.00     181.00      92.00        2 
             14        127.00      77.00     200.00      77.00        3 
             15        112.00      50.00     200.00      50.00        4 
             16          0.00      20.00     200.00      20.00        5 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
 
 
           5 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
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           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     370.0     35.0    0.00       0.0      0 
            2   120.0    120.0       0.0     35.0    0.00       0.0      0 
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          250 Trial Surfaces Have Been Generated. 
 
 
           25 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X = 100.00 ft. 
                                       and  X = 125.00 ft. 
 
 
          Each Surface Terminates Between   X = 150.00 ft. 
                                      and   X = 195.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          15.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       53.92 
              2        124.93       64.07 
              3        135.65       74.57 
              4        146.03       85.40 
              5        156.06       96.55 
              6        157.29       98.00 
 
          Circle Center At X = -201.2 ; Y =  407.9  and Radius,  473.9 
 
 
                ***     1.898   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
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            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        125.00       77.00 
              2        139.34       81.40 
              3        151.77       89.80 
              4        158.39       98.00 
 
          Circle Center At X =  117.4 ; Y =  127.2  and Radius,   50.7 
 
 
                ***     1.903   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       53.92 
              2        125.32       63.64 
              3        136.74       73.36 
              4        148.16       83.09 
              5        159.56       92.84 
              6        164.19       96.80 
 
          Circle Center At X = ****** ; Y = ******  and Radius, ****** 
 
 
                ***     1.904   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        116.67       59.69 
              2        128.11       69.40 
              3        139.26       79.43 
              4        150.11       89.79 
              5        158.22       98.00 
 
          Circle Center At X = -208.2 ; Y =  454.3  and Radius,  511.1 
 
 
                ***     1.917   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        121.89       58.43 
              3        132.45       69.09 
              4        142.78       79.96 
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              5        152.88       91.05 
              6        158.94       98.00 
 
          Circle Center At X = -377.3 ; Y =  563.7  and Radius,  710.3 
 
 
                ***     1.934   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        125.00       77.00 
              2        139.22       81.78 
              3        152.00       89.63 
              4        160.41       97.88 
 
          Circle Center At X =  111.1 ; Y =  142.0  and Radius,   66.5 
 
 
                ***     1.938   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        122.81       57.39 
              3        134.49       66.80 
              4        146.16       76.23 
              5        157.81       85.68 
              6        169.44       95.15 
              7        169.58       95.26 
 
          Circle Center At X = ****** ; Y = 6312.5  and Radius, 8025.1 
 
 
                ***     1.940   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       53.92 
              2        127.07       61.09 
              3        139.50       69.48 
              4        151.06       79.04 
              5        161.65       89.66 
              6        166.88       96.03 
 
          Circle Center At X =   46.3 ; Y =  194.1  and Radius,  155.6 
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                ***     1.946   *** 
 
 
 
          Failure Surface Specified By  8 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        100.00       23.00 
              2        112.76       30.89 
              3        124.76       39.89 
              4        135.92       49.92 
              5        146.13       60.90 
              6        155.34       72.74 
              7        163.45       85.36 
              8        168.75       95.50 
 
          Circle Center At X =   17.9 ; Y =  170.0  and Radius,  168.4 
 
 
                ***     1.961   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       53.92 
              2        124.39       64.64 
              3        134.73       75.50 
              4        144.92       86.51 
              5        154.94       97.68 
              6        155.22       98.00 
 
          Circle Center At X = -613.1 ; Y =  777.1  and Radius, 1025.4 
 
 
                ***     1.973   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     25.00     50.00     75.00    100.00    125.00 
 
          X      0.00 +-------*-+-*-------+---------+---------+---------+ 
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                25.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
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          A     50.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          X     75.00 +                                                   
                      -                                                   
                      -          *                                        
                      -                                                   
                      -        *                                          
                      -                                                   
          I    100.00 +        *                                          
                      -           . .                                     
                      -             .  .                                  
                      -          .9. . . 5* 1                             
                      -       ........  .. .  4                           
                      -            ......... 5. . .                       
          S    125.00 +              .9.......831    *                    
                      -        ...... ........... 4 .                     
                      -         .. ..............75.0*.    * *            
                      -             ......9.... ..831.42.                 
                      -             .. ........... ...5. .                
                      -         ....  ... ....9... .7. .10..              
               150.00 +             ..................83..2*..            
                      -              ..............9.. .  5 .1            
                      -            ....  .............  7 .3 *            
                      -             .. .................9.8..3            
                      -                 .................. .8.            
                      -                ... ................ 7             
          F    175.00 +                   ...................             
                      -                    ................*              
                      -                     ................              
                      -                         ............              
                      -                           . ........              
                      -                                 ....              
          T    200.00 +       *           *          *     *              



Page 40 of 103 

EXCAVATION 
15 foot surface soil 

MHA=0.0g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   South Side Excavation - 15 ft surface so 
                                il - MHA = 0.42 g                        
 
 
 
 
          BOUNDARY COORDINATES 
 
             10 Top   Boundaries 
             16 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      29.00      85.00      28.00        4 
              2         85.00      28.00      90.00      23.00        4 
              3         90.00      23.00     100.00      23.00        4 
              4        100.00      23.00     112.00      50.00        4 
              5        112.00      50.00     125.00      77.00        3 
              6        125.00      77.00     132.00      92.00        1 
              7        132.00      92.00     135.00      98.00        1 
              8        135.00      98.00     160.00      98.00        1 
              9        160.00      98.00     181.00      92.00        1 
             10        181.00      92.00     200.00      92.00        2 
             11        125.00      77.00     135.00      77.00        3 
             12        135.00      77.00     150.00      92.00        2 
             13        150.00      92.00     181.00      92.00        2 
             14        127.00      77.00     200.00      77.00        3 
             15        112.00      50.00     200.00      50.00        4 
             16          0.00      20.00     200.00      20.00        5 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
 
 
           5 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
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           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     370.0     35.0    0.00       0.0      0 
            2   120.0    120.0       0.0     35.0    0.00       0.0      0 
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0 
 
 
 
          A Horizontal Earthquake Loading Coefficient 
          Of0.420 Has Been Assigned 
 
          A Vertical Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          Cavitation Pressure =    0.0 psf 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          200 Trial Surfaces Have Been Generated. 
 
 
           10 Surfaces Initiate From Each Of 20 Points Equally Spaced 
          Along The Ground Surface Between  X = 100.00 ft. 
                                       and  X = 125.00 ft. 
 
 
          Each Surface Terminates Between   X = 150.00 ft. 
                                      and   X = 195.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          10.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        125.00       77.00 
              2        133.91       81.55 
              3        142.74       86.23 
              4        151.50       91.05 
              5        160.19       96.01 
              6        162.40       97.31 
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          Circle Center At X = -164.2 ; Y =  654.4  and Radius,  645.8 
 
 
                ***     1.015   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        121.05       68.80 
              2        129.43       74.27 
              3        137.80       79.74 
              4        146.16       85.22 
              5        154.52       90.72 
              6        162.87       96.22 
              7        163.88       96.89 
 
          Circle Center At X = ****** ; Y = 7156.9  and Radius, 8459.8 
 
 
                ***     1.069   *** 
 
 
 
          Failure Surface Specified By  9 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.16       52.41 
              2        121.40       58.07 
              3        129.63       63.75 
              4        137.86       69.44 
              5        146.07       75.14 
              6        154.27       80.86 
              7        162.46       86.59 
              8        170.65       92.34 
              9        173.29       94.20 
 
          Circle Center At X = ****** ; Y = 4878.3  and Radius, 5851.8 
 
 
                ***     1.070   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.37       71.54 
              2        131.27       76.10 
              3        139.95       81.07 
              4        148.39       86.43 
              5        156.57       92.18 
              6        162.99       97.15 
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          Circle Center At X =   28.0 ; Y =  266.6  and Radius,  216.7 
 
 
                ***     1.075   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        121.05       68.80 
              2        129.59       74.01 
              3        137.94       79.52 
              4        146.08       85.32 
              5        154.02       91.40 
              6        161.51       97.57 
 
          Circle Center At X =  -21.7 ; Y =  312.4  and Radius,  282.3 
 
 
                ***     1.079   *** 
 
 
 
          Failure Surface Specified By  8 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        115.79       57.87 
              2        123.65       64.05 
              3        131.50       70.25 
              4        139.35       76.45 
              5        147.19       82.65 
              6        155.02       88.87 
              7        162.85       95.09 
              8        164.79       96.63 
 
          Circle Center At X = ****** ; Y = 7893.5  and Radius, 9966.1 
 
 
                ***     1.081   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        121.05       68.80 
              2        129.94       73.39 
              3        138.75       78.12 
              4        147.48       83.00 
              5        156.13       88.02 
              6        164.69       93.18 
              7        168.51       95.57 
 
          Circle Center At X = -153.7 ; Y =  611.8  and Radius,  608.6 
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                ***     1.083   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        125.00       77.00 
              2        133.60       82.11 
              3        142.16       87.28 
              4        150.68       92.51 
              5        159.17       97.79 
              6        159.51       98.00 
 
          Circle Center At X = -631.8 ; Y = 1359.5  and Radius, 1489.1 
 
 
                ***     1.103   *** 
 
 
 
          Failure Surface Specified By  8 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.16       52.41 
              2        120.77       58.89 
              3        128.27       65.51 
              4        135.64       72.27 
              5        142.88       79.16 
              6        149.99       86.19 
              7        156.98       93.35 
              8        161.06       97.70 
 
          Circle Center At X = -232.8 ; Y =  466.6  and Radius,  539.7 
 
 
                ***     1.103   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.37       71.54 
              2        131.70       75.12 
              3        140.79       79.29 
              4        149.60       84.03 
              5        158.09       89.32 
              6        166.22       95.14 
              7        167.21       95.94 
 
          Circle Center At X =   70.6 ; Y =  220.3  and Radius,  157.5 
 
 
                ***     1.112   *** 
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                     Y            A     X     I     S            F     T 
 
 
                     0.00     25.00     50.00     75.00    100.00    125.00 
 
          X      0.00 +-------*-+-*-------+---------+---------+---------+ 
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                25.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          A     50.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          X     75.00 +                                                   
                      -                                                   
                      -          *                                        
                      -                                                   
                      -        *                                          
                      -                                                   
          I    100.00 +        *.                                         
                      -           ...                                     
                      -       ..... ....                                  
                      -         ..........*3.                             
                      -             .......  6..                          
                      -       ..... .........39.. 24                      
          S    125.00 +            .............6.. .*                    
                      -        ................39..72                     
                      -          ..... ...........6.4*.1   * *            
                      -        ... ...............39.62 .                 
                      -          .....................4.18                
                      -            . ...............3..62...              
               150.00 +          .... ..................941*..            
                      -              ........ ........3..725..            
                      -            ................. .... 041*            
                      -               . .................3..21            
                      -              .................   ..776            
                      -                  ................. 3.             
          F    175.00 +                 . ..................3             
                      -                    ................*              
                      -                      ...............              
                      -                         ............              
                      -                            .........              
                      -                                .....              

T    200.00 +       *           *          *     *              
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EXCAVATION 
20 foot surface soil 

MHA=0.0g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   South Side Excavation - 20 ft - MHA = 0. 
                                0 g                                      
 
 
 
 
          BOUNDARY COORDINATES 
 
             10 Top   Boundaries 
             16 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      29.00      85.00      28.00        4 
              2         85.00      28.00      90.00      23.00        4 
              3         90.00      23.00     100.00      23.00        4 
              4        100.00      23.00     112.00      50.00        4 
              5        112.00      50.00     122.00      72.00        3 
              6        122.00      72.00     132.00      92.00        1 
              7        132.00      92.00     135.00      98.00        1 
              8        135.00      98.00     160.00      98.00        1 
              9        160.00      98.00     181.00      92.00        1 
             10        181.00      92.00     200.00      92.00        2 
             11        122.00      72.00     132.00      72.00        3 
             12        132.00      72.00     155.00      92.00        2 
             13        155.00      92.00     181.00      92.00        2 
             14        127.00      72.00     200.00      72.00        3 
             15        112.00      50.00     200.00      50.00        4 
             16          0.00      20.00     200.00      20.00        5 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
 
 
           5 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
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           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     370.0     35.0    0.00       0.0      0 
            2   120.0    120.0       0.0     35.0    0.00       0.0      0 
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          250 Trial Surfaces Have Been Generated. 
 
 
           25 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X = 100.00 ft. 
                                       and  X = 125.00 ft. 
 
 
          Each Surface Terminates Between   X = 150.00 ft. 
                                      and   X = 195.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          15.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       54.16 
              2        125.14       64.07 
              3        136.39       74.00 
              4        147.62       83.94 
              5        158.85       93.89 
              6        162.63       97.25 
 
          Circle Center At X = ****** ; Y = ******  and Radius, ****** 
 
 
                ***     1.676   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
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            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        134.11       81.59 
              3        145.30       91.58 
              4        151.50       98.00 
 
          Circle Center At X =    3.5 ; Y =  239.1  and Radius,  204.6 
 
 
                ***     1.677   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        134.05       81.67 
              3        145.46       91.40 
              4        152.55       98.00 
 
          Circle Center At X =  -85.3 ; Y =  350.5  and Radius,  347.0 
 
 
                ***     1.712   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        133.62       82.20 
              3        144.83       92.17 
              4        151.12       98.00 
 
          Circle Center At X = -363.7 ; Y =  652.1  and Radius,  756.3 
 
 
                ***     1.719   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        122.81       57.39 
              3        134.49       66.80 
              4        146.16       76.23 
              5        157.81       85.68 
              6        169.44       95.15 
              7        169.58       95.26 
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          Circle Center At X = ****** ; Y = 6312.5  and Radius, 8025.1 
 
 
                ***     1.768   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       54.16 
              2        127.02       61.41 
              3        139.40       69.88 
              4        150.93       79.47 
              5        161.50       90.12 
              6        166.45       96.16 
 
          Circle Center At X =   43.9 ; Y =  196.4  and Radius,  158.5 
 
 
                ***     1.771   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.21       77.86 
              3        147.28       87.98 
              4        152.22       98.00 
 
          Circle Center At X =  114.8 ; Y =  112.4  and Radius,   40.6 
 
 
                ***     1.789   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        121.89       58.43 
              3        132.45       69.09 
              4        142.78       79.96 
              5        152.88       91.05 
              6        158.94       98.00 
 
          Circle Center At X = -377.3 ; Y =  563.7  and Radius,  710.3 
 
 
                ***     1.791   *** 
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          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.39       77.38 
              3        147.92       86.97 
              4        154.21       98.00 
 
          Circle Center At X =  115.7 ; Y =  113.9  and Radius,   42.0 
 
 
                ***     1.853   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        108.33       41.75 
              2        119.70       51.54 
              3        130.68       61.76 
              4        141.24       72.41 
              5        151.39       83.46 
              6        161.09       94.90 
              7        162.88       97.18 
 
          Circle Center At X = -136.6 ; Y =  337.7  and Radius,  384.2 
 
 
                ***     1.853   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     25.00     50.00     75.00    100.00    125.00 
 
          X      0.00 +-------*-+-*-------+---------+---------+---------+ 
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                25.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          A     50.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
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          X     75.00 +                                                   
                      -                                                   
                      -          *                                        
                      -                                                   
                      -        *                                          
                      -                                                   
          I    100.00 +        *                                          
                      -           . .                                     
                      -             .  0                                  
                      -          ... . . 5* 1                             
                      -       ........  .. .  .                           
                      -            ........0 5.  . *                      
          S    125.00 +              ..........61  * .                    
                      -        ...... .........0. .  .                    
                      -         .. ..............58*.. 2   * *            
                      -             ........... ..6.17...                 
                      -             .. ........... 0..8. .                
                      -         ....  ... ........ .5. .17.2              
               150.00 +             ..................60.9...2            
                      -              ................... .8*.3            
                      -            ....  .............  5 ..1*            
                      -             .. ................ ..6.01            
                      -                 ....................6.            
                      -                ...  ................5             
          F    175.00 +                   ...................             
                      -                    ................*              
                      -                     ................              
                      -                         ............              
                      -                           .  .......              
                      -                                 ....              

T    200.00 +       *           *        *       *             
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EXCAVATION 
20 foot surface soil 

MHA=0.42g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   South Side Excavation - 20 ft - MHA = 0. 
                                42 g                                     
 
 
 
 
          BOUNDARY COORDINATES 
 
             10 Top   Boundaries 
             16 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      29.00      85.00      28.00        4 
              2         85.00      28.00      90.00      23.00        4 
              3         90.00      23.00     100.00      23.00        4 
              4        100.00      23.00     112.00      50.00        4 
              5        112.00      50.00     122.00      72.00        3 
              6        122.00      72.00     132.00      92.00        1 
              7        132.00      92.00     135.00      98.00        1 
              8        135.00      98.00     160.00      98.00        1 
              9        160.00      98.00     181.00      92.00        1 
             10        181.00      92.00     200.00      92.00        2 
             11        122.00      72.00     132.00      72.00        3 
             12        132.00      72.00     155.00      92.00        2 
             13        155.00      92.00     181.00      92.00        2 
             14        127.00      72.00     200.00      72.00        3 
             15        112.00      50.00     200.00      50.00        4 
             16          0.00      20.00     200.00      20.00        5 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
 
 
           5 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
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           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     370.0     35.0    0.00       0.0      0 
            2   120.0    120.0       0.0     35.0    0.00       0.0      0 
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0 
 
 
 
          A Horizontal Earthquake Loading Coefficient 
          Of0.420 Has Been Assigned 
 
          A Vertical Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          Cavitation Pressure =    0.0 psf 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          250 Trial Surfaces Have Been Generated. 
 
 
           25 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X = 100.00 ft. 
                                       and  X = 125.00 ft. 
 
 
          Each Surface Terminates Between   X = 150.00 ft. 
                                      and   X = 195.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          15.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        135.64       79.14 
              3        148.88       86.21 
              4        161.92       93.62 
              5        166.21       96.23 
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          Circle Center At X = -117.5 ; Y =  569.6  and Radius,  551.9 
 
 
                ***     0.904   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.95       75.31 
              3        150.78       81.12 
              4        163.13       89.63 
              5        168.73       95.50 
 
          Circle Center At X =  115.7 ; Y =  145.2  and Radius,   73.1 
 
 
                ***     0.915   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.54       76.92 
              3        150.84       81.45 
              4        165.13       86.02 
              5        179.40       90.63 
              6        183.61       92.00 
 
          Circle Center At X = ****** ; Y = 4722.4  and Radius, 4870.0 
 
 
                ***     0.932   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       54.16 
              2        125.14       64.07 
              3        136.39       74.00 
              4        147.62       83.94 
              5        158.85       93.89 
              6        162.63       97.25 
 
          Circle Center At X = ****** ; Y = ******  and Radius, ****** 
 
 
                ***     0.939   *** 
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          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        134.11       81.59 
              3        145.30       91.58 
              4        151.50       98.00 
 
          Circle Center At X =    3.5 ; Y =  239.1  and Radius,  204.6 
 
 
                ***     0.944   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        134.05       81.67 
              3        145.46       91.40 
              4        152.55       98.00 
 
          Circle Center At X =  -85.3 ; Y =  350.5  and Radius,  347.0 
 
 
                ***     0.955   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        133.62       82.20 
              3        144.83       92.17 
              4        151.12       98.00 
 
          Circle Center At X = -363.7 ; Y =  652.1  and Radius,  756.3 
 
 
                ***     0.972   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        122.81       57.39 
              3        134.49       66.80 
              4        146.16       76.23 
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              5        157.81       85.68 
              6        169.44       95.15 
              7        169.58       95.26 
 
          Circle Center At X = ****** ; Y = 6312.5  and Radius, 8025.1 
 
 
                ***     0.974   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.97       75.19 
              3        151.49       78.95 
              4        165.71       83.73 
              5        179.56       89.48 
              6        184.61       92.00 
 
          Circle Center At X =   90.4 ; Y =  284.7  and Radius,  214.6 
 
 
                ***     0.988   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        135.98       78.41 
              3        148.49       86.69 
              4        159.36       97.04 
              5        160.05       97.98 
 
          Circle Center At X =   95.2 ; Y =  153.5  and Radius,   85.4 
 
 
                ***     0.993   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     25.00     50.00     75.00    100.00    125.00 
 
          X      0.00 +-------*-+-*-------+---------+---------+---------+ 
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                25.00 +                                                   
                      -                                                   
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                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          A     50.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          X     75.00 +                                                   
                      -                                                   
                      -          *                                        
                      -                                                   
                      -        *                                          
                      -                                                   
          I    100.00 +        *                                          
                      -           . .                                     
                      -             .  .                                  
                      -          ... . . 8* 4                             
                      -       ........  .. .  .                           
                      -            ......... 8.  . *                      
          S    125.00 +              ...........4  * .                    
                      -        ...... ........... .  .                    
                      -         .. ..............8.*.. 5   * *            
                      -             ........... ....231..                 
                      -             .. ........... ..... .                
                      -         ....  ... ........ .8. .4..5              
               150.00 +             ..................2310...5            
                      -              ................... ..*.6            
                      -            ....  .............  8 ..4*            
                      -             .. ................ ..21.4            
                      -                 ...............93...1.            
                      -                ...  ................8             
          F    175.00 +                   ...................             
                      -                    ...............3*              
                      -                     ...............3              
                      -                         ............              
                      -                           .  .......              
                      -                                 ....              
          T    200.00 +       *           *        *       *              



Page 61 of 103 

EXCAVATION 
20 foot surface soil – increased cohesion (850 psf) 

MHA=0.42g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   South Side Excavation - 20 ft - MHA = 0. 
                                42 g with increased C in compacted surfa 
 
 
 
 
          BOUNDARY COORDINATES 
 
             10 Top   Boundaries 
             16 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      29.00      85.00      28.00        4 
              2         85.00      28.00      90.00      23.00        4 
              3         90.00      23.00     100.00      23.00        4 
              4        100.00      23.00     112.00      50.00        4 
              5        112.00      50.00     122.00      72.00        3 
              6        122.00      72.00     132.00      92.00        1 
              7        132.00      92.00     135.00      98.00        1 
              8        135.00      98.00     160.00      98.00        1 
              9        160.00      98.00     181.00      92.00        1 
             10        181.00      92.00     200.00      92.00        2 
             11        122.00      72.00     132.00      72.00        3 
             12        132.00      72.00     155.00      92.00        2 
             13        155.00      92.00     181.00      92.00        2 
             14        127.00      72.00     200.00      72.00        3 
             15        112.00      50.00     200.00      50.00        4 
             16          0.00      20.00     200.00      20.00        5 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
 
 
           5 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
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           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     900.0     35.0    0.00       0.0      0 
            2   120.0    120.0       0.0     35.0    0.00       0.0      0 
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0 
 
 
 
          A Horizontal Earthquake Loading Coefficient 
          Of0.420 Has Been Assigned 
 
          A Vertical Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          Cavitation Pressure =    0.0 psf 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          250 Trial Surfaces Have Been Generated. 
 
 
           25 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X = 100.00 ft. 
                                       and  X = 125.00 ft. 
 
 
          Each Surface Terminates Between   X = 150.00 ft. 
                                      and   X = 195.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          15.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        122.81       57.39 
              3        134.49       66.80 
              4        146.16       76.23 
              5        157.81       85.68 
              6        169.44       95.15 
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              7        169.58       95.26 
 
          Circle Center At X = ****** ; Y = 6312.5  and Radius, 8025.1 
 
 
                ***     1.000   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       54.16 
              2        125.14       64.07 
              3        136.39       74.00 
              4        147.62       83.94 
              5        158.85       93.89 
              6        162.63       97.25 
 
          Circle Center At X = ****** ; Y = ******  and Radius, ****** 
 
 
                ***     1.001   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       54.16 
              2        127.02       61.41 
              3        139.40       69.88 
              4        150.93       79.47 
              5        161.50       90.12 
              6        166.45       96.16 
 
          Circle Center At X =   43.9 ; Y =  196.4  and Radius,  158.5 
 
 
                ***     1.030   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        113.89       54.16 
              2        127.34       60.79 
              3        140.79       67.44 
              4        154.22       74.11 
              5        167.66       80.79 
              6        181.08       87.48 
              7        190.13       92.00 
 
          Circle Center At X = ****** ; Y = ******  and Radius, ****** 
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                ***     1.065   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.54       76.92 
              3        150.84       81.45 
              4        165.13       86.02 
              5        179.40       90.63 
              6        183.61       92.00 
 
          Circle Center At X = ****** ; Y = 4722.4  and Radius, 4870.0 
 
 
                ***     1.087   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.97       75.19 
              3        151.49       78.95 
              4        165.71       83.73 
              5        179.56       89.48 
              6        184.61       92.00 
 
          Circle Center At X =   90.4 ; Y =  284.7  and Radius,  214.6 
 
 
                ***     1.105   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        122.22       72.45 
              2        136.95       75.31 
              3        150.78       81.12 
              4        163.13       89.63 
              5        168.73       95.50 
 
          Circle Center At X =  115.7 ; Y =  145.2  and Radius,   73.1 
 
 
                ***     1.106   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
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            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        108.33       41.75 
              2        119.63       51.61 
              3        130.80       61.63 
              4        141.84       71.79 
              5        152.74       82.09 
              6        163.50       92.54 
              7        166.97       96.01 
 
          Circle Center At X = -628.6 ; Y =  897.5  and Radius, 1129.4 
 
 
                ***     1.111   *** 
 
 
 
          Failure Surface Specified By  8 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        102.78       29.25 
              2        114.60       38.48 
              3        126.41       47.73 
              4        138.21       56.99 
              5        150.01       66.26 
              6        161.79       75.54 
              7        173.56       84.84 
              8        182.61       92.00 
 
          Circle Center At X = ****** ; Y = ******  and Radius, ****** 
 
 
                ***     1.118   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1        111.11       48.00 
              2        124.89       53.92 
              3        138.33       60.59 
              4        151.37       68.00 
              5        163.98       76.12 
              6        176.12       84.93 
              7        184.81       92.00 
 
          Circle Center At X =   11.4 ; Y =  299.2  and Radius,  270.2 
 
 
                ***     1.118   *** 
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                     Y            A     X     I     S            F     T 
 
 
                     0.00     25.00     50.00     75.00    100.00    125.00 
 
          X      0.00 +-------*-+-*-------+---------+---------+---------+ 
                      -                                                   
                      -                                                   
                      -                                                   
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          X     75.00 +                                                   
                      -                                                   
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                      -        *                                          
                      -                                                   
          I    100.00 +        *                                          
                      -           9 .                                     
                      -             .  8                                  
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                      -       .......9  .. .  .                           
                      -            ........8 1.  . *                      
          S    125.00 +              ....9..0..32  * .                    
                      -        ...... ........48. .  .                    
                      -         .. ..............1.*.. .   * *            
                      -             .........90 ..3.25...                 
                      -             .. ..........4 8.... .                
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               150.00 +             .............9....35......            
                      -              ...............4..8 ..*..            
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                      -             .. .............9.. ..38.2            
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          F    175.00 +                   ..............9....             
                      -                    ..............45*              
                      -                     ...............5              
                      -                         ............              
                      -                           .  ......4              
                      -                                 ....              
          T    200.00 +       *           *        *       *             
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FINAL COVER 
Shallow Failure 

MHA = 0.0 g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   North Final Cover, Shallow Failure - MHA 
                                 = 0.0 g                                 
 
 
 
 
          BOUNDARY COORDINATES 
 
              5 Top   Boundaries 
             21 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      92.00      19.00      92.00        4 
              2         19.00      92.00      40.00      98.00        3 
              3         40.00      98.00      46.00      98.00        3 
              4         46.00      98.00     310.00     186.00        1 
              5        310.00     186.00     410.00     181.00        1 
              6         46.00      98.00      65.00      98.00        3 
              7         65.00      98.00      85.00     108.00        2 
              8         85.00     108.00     310.00     183.00        2 
              9        310.00     183.00     410.00     178.00        2 
             10         65.00      98.00      75.00      78.00        3 
             11         75.00      78.00     310.00     120.00        8 
             12        310.00     120.00     410.00     115.00        8 
             13         75.00      78.00      94.00      40.00        5 
             14         94.00      40.00     100.00      28.00        6 
             15        100.00      28.00     410.00      34.20        6 
             16         19.00      92.00      47.00      92.00        4 
             17         47.00      92.00      60.00      78.00        4 
             18         60.00      78.00      75.00      78.00        5 
             19          0.00      78.00      60.00      78.00        5 
             20          0.00      40.00      94.00      40.00        6 
             21          0.00      20.00     410.00      20.00        7 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
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           8 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     170.0     35.0    0.00       0.0      0 
            2   100.0    100.0     550.0     27.0    0.00       0.0      0 
            3   110.0    110.0     370.0     35.0    0.00       0.0      0 
            4   120.0    120.0       0.0     35.0    0.00       0.0      0 
            5   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            6   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            7   120.0    120.0    4320.0     35.0    0.00       0.0      0 
            8   115.0    115.0     750.0     27.0    0.00       0.0      0 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          500 Trial Surfaces Have Been Generated. 
 
 
           50 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X =  60.00 ft. 
                                       and  X =  70.00 ft. 
 
 
          Each Surface Terminates Between   X =  90.00 ft. 
                                      and   X = 100.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          10.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         62.22      103.41 
              2         72.22      103.71 
              3         81.84      106.44 
              4         90.49      111.45 
              5         92.66      113.55 
 
          Circle Center At X =   66.0 ; Y =  143.8  and Radius,   40.6 
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                ***     4.743   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         61.11      103.04 
              2         71.06      104.06 
              3         80.77      106.46 
              4         90.05      110.19 
              5         98.72      115.17 
              6         99.63      115.88 
 
          Circle Center At X =   58.7 ; Y =  174.8  and Radius,   71.8 
 
 
                ***     4.880   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         63.33      103.78 
              2         73.33      103.83 
              3         82.84      106.95 
              4         90.92      112.83 
              5         91.06      113.02 
 
          Circle Center At X =   68.2 ; Y =  135.6  and Radius,   32.2 
 
 
                ***     4.911   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         63.33      103.78 
              2         73.31      104.49 
              3         82.94      107.18 
              4         91.84      111.73 
              5         95.19      114.40 
 
          Circle Center At X =   64.8 ; Y =  153.7  and Radius,   49.9 
 
 
                ***     4.942   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
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            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         65.56      104.52 
              2         75.54      105.05 
              3         85.09      108.04 
              4         93.60      113.29 
              5         94.42      114.14 
 
          Circle Center At X =   68.4 ; Y =  144.5  and Radius,   40.1 
 
 
                ***     5.069   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         65.56      104.52 
              2         75.55      104.75 
              3         85.01      108.00 
              4         92.38      113.46 
 
          Circle Center At X =   69.8 ; Y =  136.9  and Radius,   32.7 
 
 
                ***     5.098   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         60.00      102.67 
              2         69.94      103.77 
              3         79.60      106.36 
              4         88.76      110.37 
              5         95.03      114.34 
 
          Circle Center At X =   57.7 ; Y =  168.9  and Radius,   66.3 
 
 
                ***     5.173   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         67.78      105.26 
              2         77.75      106.00 
              3         87.36      108.75 
              4         96.22      113.41 
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              5         98.94      115.65 
 
          Circle Center At X =   69.2 ; Y =  154.1  and Radius,   48.9 
 
 
                ***     5.178   *** 
 
 
 
          Failure Surface Specified By  4 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         63.33      103.78 
              2         73.32      104.27 
              3         82.80      107.47 
              4         90.73      112.91 
 
          Circle Center At X =   66.5 ; Y =  140.0  and Radius,   36.4 
 
 
                ***     5.231   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         64.44      104.15 
              2         74.44      104.51 
              3         84.05      107.27 
              4         92.71      112.27 
              5         94.77      114.26 
 
          Circle Center At X =   68.0 ; Y =  145.1  and Radius,   41.1 
 
 
                ***     5.253   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     51.25    102.50    153.75    205.00    256.25 
 
          X      0.00 +---*---*-+----*--*-+---------+---------+---------+ 
                      -                                                   
                      -                 *                                 
                      -                                                   
                      -                                                   
                      -                  *                                
                51.25 +                 *                                 
                      -              *    1                               
                      -                  *18                              
                      -              *   .32                              
                      -                  ..*7                             
                      -       *          ...1.                            
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          A    102.50 +    *               .22                            
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          X    153.75 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          I    205.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          S    256.25 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
               307.50 +                      *            *               
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          F    358.75 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          T    410.00 +   *  *              *            *                
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FINAL COVER 
Shallow Failure 

MHA = 0.42 g 
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** PCSTABL6 ** 

 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   North Final Cover, Shallow Failure - MHA 
                                 = 0.42g                                 
 
 
 
 
          BOUNDARY COORDINATES 
 
              5 Top   Boundaries 
             21 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      92.00      19.00      92.00        4 
              2         19.00      92.00      40.00      98.00        3 
              3         40.00      98.00      46.00      98.00        3 
              4         46.00      98.00     310.00     186.00        1 
              5        310.00     186.00     410.00     181.00        1 
              6         46.00      98.00      65.00      98.00        3 
              7         65.00      98.00      85.00     108.00        2 
              8         85.00     108.00     310.00     183.00        2 
              9        310.00     183.00     410.00     178.00        2 
             10         65.00      98.00      75.00      78.00        3 
             11         75.00      78.00     310.00     120.00        8 
             12        310.00     120.00     410.00     115.00        8 
             13         75.00      78.00      94.00      40.00        5 
             14         94.00      40.00     100.00      28.00        6 
             15        100.00      28.00     410.00      34.20        6 
             16         19.00      92.00      47.00      92.00        4 
             17         47.00      92.00      60.00      78.00        4 
             18         60.00      78.00      75.00      78.00        5 
             19          0.00      78.00      60.00      78.00        5 
             20          0.00      40.00      94.00      40.00        6 
             21          0.00      20.00     410.00      20.00        7 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
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           8 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     170.0     35.0    0.00       0.0      0 
            2   100.0    100.0     550.0     27.0    0.00       0.0      0 
            3   110.0    110.0     370.0     35.0    0.00       0.0      0 
            4   120.0    120.0       0.0     35.0    0.00       0.0      0 
            5   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            6   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            7   120.0    120.0    4320.0     35.0    0.00       0.0      0 
            8   115.0    115.0     750.0     27.0    0.00       0.0      0 
 
 
 
          A Horizontal Earthquake Loading Coefficient 
          Of0.420 Has Been Assigned 
 
          A Vertical Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          Cavitation Pressure =    0.0 psf 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          500 Trial Surfaces Have Been Generated. 
 
 
           50 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X =  55.00 ft. 
                                       and  X =  70.00 ft. 
 
 
          Each Surface Terminates Between   X =  90.00 ft. 
                                      and   X = 100.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          10.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By  5 Coordinate Points 
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            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         60.00      102.67 
              2         69.99      103.20 
              3         79.68      105.65 
              4         88.72      109.92 
              5         94.47      114.16 
 
          Circle Center At X =   62.3 ; Y =  154.2  and Radius,   51.6 
 
 
                ***     1.928   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         55.00      101.00 
              2         64.94      102.07 
              3         74.67      104.40 
              4         84.01      107.96 
              5         92.82      112.69 
              6         95.22      114.41 
 
          Circle Center At X =   51.7 ; Y =  178.8  and Radius,   77.8 
 
 
                ***     1.994   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         58.33      102.11 
              2         68.31      102.86 
              3         77.98      105.41 
              4         87.03      109.66 
              5         92.28      113.43 
 
          Circle Center At X =   59.2 ; Y =  157.0  and Radius,   54.9 
 
 
                ***     2.014   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         55.00      101.00 
              2         64.62       98.28 
              3         74.62       98.39 
              4         84.19      101.30 
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              5         92.55      106.80 
              6         99.02      114.42 
              7         99.67      115.89 
 
          Circle Center At X =   69.3 ; Y =  133.1  and Radius,   35.1 
 
 
                ***     2.044   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         55.00      101.00 
              2         64.74       98.71 
              3         74.73       99.10 
              4         84.26      102.14 
              5         92.63      107.60 
              6         99.25      115.10 
              7         99.62      115.87 
 
          Circle Center At X =   68.3 ; Y =  135.7  and Radius,   37.2 
 
 
                ***     2.047   *** 
 
 
 
          Failure Surface Specified By  7 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         55.00      101.00 
              2         64.63       98.31 
              3         74.63       98.46 
              4         84.18      101.42 
              5         92.51      106.96 
              6         98.93      114.63 
              7         99.45      115.82 
 
          Circle Center At X =   69.1 ; Y =  133.1  and Radius,   35.0 
 
 
                ***     2.049   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         63.33      103.78 
              2         73.29      104.67 
              3         82.97      107.20 
              4         92.09      111.31 
              5         98.21      115.40 
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          Circle Center At X =   63.0 ; Y =  163.8  and Radius,   60.1 
 
 
                ***     2.054   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         60.00      102.67 
              2         69.94      103.78 
              3         79.64      106.20 
              4         88.94      109.88 
              5         97.66      114.77 
              6         98.74      115.58 
 
          Circle Center At X =   56.6 ; Y =  177.8  and Radius,   75.2 
 
 
                ***     2.063   *** 
 
 
 
          Failure Surface Specified By  5 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         58.33      102.11 
              2         68.29      103.08 
              3         77.97      105.58 
              4         87.15      109.54 
              5         94.48      114.16 
 
          Circle Center At X =   57.0 ; Y =  166.7  and Radius,   64.6 
 
 
                ***     2.067   *** 
 
 
 
          Failure Surface Specified By  6 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         55.00      101.00 
              2         64.91       99.66 
              3         74.86      100.66 
              4         84.30      103.95 
              5         92.72      109.36 
              6         98.66      115.55 
 
          Circle Center At X =   65.6 ; Y =  142.3  and Radius,   42.6 
 
 
                ***     2.096   *** 
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                     Y            A     X     I     S            F     T 
 
 
                     0.00     51.25    102.50    153.75    205.00    256.25 
 
          X      0.00 +---*---*-+----*--*-+---------+---------+---------+ 
                      -                                                   
                      -                 *                                 
                      -                                                   
                      -                                                   
                      -                  *                                
                51.25 +                 * 2                               
                      -              *  ..1                               
                      -                  *1.                              
                      -              *  .421                              
                      -                 ..4*.                             
                      -       *          ..417                            
          A    102.50 +    *               .44                            
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          X    153.75 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          I    205.00 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          S    256.25 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
               307.50 +                      *            *               
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          F    358.75 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          T    410.00 +   *  *              *            *                
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FINAL COVER 
Deep Failure 
MHA = 0.0 g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   North Final Cover, Deep Failure - MHA =  
                                0.0 g                                    
 
 
 
 
          BOUNDARY COORDINATES 
 
              5 Top   Boundaries 
             21 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      92.00      19.00      92.00        4 
              2         19.00      92.00      40.00      98.00        3 
              3         40.00      98.00      46.00      98.00        3 
              4         46.00      98.00     310.00     186.00        1 
              5        310.00     186.00     410.00     181.00        1 
              6         46.00      98.00      65.00      98.00        3 
              7         65.00      98.00      85.00     108.00        2 
              8         85.00     108.00     310.00     183.00        2 
              9        310.00     183.00     410.00     178.00        2 
             10         65.00      98.00      75.00      78.00        3 
             11         75.00      78.00     310.00     120.00        8 
             12        310.00     120.00     410.00     115.00        8 
             13         75.00      78.00      94.00      40.00        5 
             14         94.00      40.00     100.00      28.00        6 
             15        100.00      28.00     410.00      34.20        6 
             16         19.00      92.00      47.00      92.00        4 
             17         47.00      92.00      60.00      78.00        4 
             18         60.00      78.00      75.00      78.00        5 
             19          0.00      78.00      60.00      78.00        5 
             20          0.00      40.00      94.00      40.00        6 
             21          0.00      20.00     410.00      20.00        7 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
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           8 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     170.0     35.0    0.00       0.0      0 
            2   100.0    100.0     550.0     27.0    0.00       0.0      0 
            3   110.0    110.0     370.0     35.0    0.00       0.0      0 
            4   120.0    120.0       0.0     35.0    0.00       0.0      0 
            5   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            6   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            7   120.0    120.0    4320.0     35.0    0.00       0.0      0 
            8   115.0    115.0     750.0     27.0    0.00       0.0      0 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          500 Trial Surfaces Have Been Generated. 
 
 
           50 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X =  40.00 ft. 
                                       and  X =  80.00 ft. 
 
 
          Each Surface Terminates Between   X = 100.00 ft. 
                                      and   X = 310.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          10.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         53.33      100.44 
              2         63.18       98.70 
              3         73.08       97.31 
              4         83.03       96.28 
              5         93.01       95.62 
              6        103.00       95.33 
              7        113.00       95.39 
              8        122.99       95.82 
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              9        132.96       96.62 
             10        142.90       97.78 
             11        152.78       99.30 
             12        162.60      101.18 
             13        172.35      103.41 
             14        182.01      106.00 
             15        191.57      108.94 
             16        201.01      112.23 
             17        210.33      115.85 
             18        219.51      119.82 
             19        228.54      124.12 
             20        237.40      128.74 
             21        246.10      133.69 
             22        254.60      138.94 
             23        262.91      144.51 
             24        271.01      150.37 
             25        278.89      156.53 
             26        286.55      162.97 
             27        293.96      169.68 
             28        301.12      176.66 
             29        308.02      183.89 
             30        309.85      185.95 
 
          Circle Center At X =  106.2 ; Y =  369.6  and Radius,  274.3 
 
 
                ***     2.498   *** 
 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         44.44       98.00 
              2         54.23       95.96 
              3         64.10       94.30 
              4         74.01       93.02 
              5         83.97       92.11 
              6         93.96       91.59 
              7        103.96       91.46 
              8        113.95       91.71 
              9        123.93       92.34 
             10        133.88       93.35 
             11        143.79       94.74 
             12        153.63       96.52 
             13        163.39       98.67 
             14        173.07      101.19 
             15        182.64      104.08 
             16        192.10      107.33 
             17        201.42      110.95 
             18        210.60      114.92 
             19        219.62      119.24 
             20        228.47      123.90 
             21        237.13      128.90 
             22        245.59      134.22 
             23        253.84      139.87 
             24        261.87      145.83 
             25        269.67      152.09 
             26        277.22      158.65 
             27        284.51      165.49 
             28        291.54      172.61 
             29        298.29      179.99 
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             30        300.77      182.92 
 
          Circle Center At X =  102.5 ; Y =  352.2  and Radius,  260.8 
 
 
                ***     2.512   *** 
 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         48.89       98.96 
              2         58.80       97.65 
              3         68.75       96.67 
              4         78.73       96.01 
              5         88.73       95.69 
              6         98.73       95.69 
              7        108.72       96.02 
              8        118.70       96.69 
              9        128.65       97.68 
             10        138.56       98.99 
             11        148.43      100.64 
             12        158.23      102.60 
             13        167.97      104.89 
             14        177.62      107.50 
             15        187.18      110.42 
             16        196.65      113.66 
             17        206.00      117.21 
             18        215.22      121.06 
             19        224.32      125.21 
             20        233.27      129.67 
             21        242.08      134.41 
             22        250.72      139.44 
             23        259.19      144.76 
             24        267.48      150.35 
             25        275.59      156.21 
             26        283.49      162.33 
             27        291.19      168.71 
             28        298.68      175.34 
             29        305.94      182.21 
             30        309.53      185.84 
 
          Circle Center At X =   93.6 ; Y =  399.3  and Radius,  303.6 
 
 
                ***     2.518   *** 
 
 
 
          Failure Surface Specified By 28 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         53.33      100.44 
              2         63.03       97.98 
              3         72.82       95.95 
              4         82.69       94.36 
              5         92.62       93.22 
              6        102.60       92.51 
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              7        112.60       92.26 
              8        122.60       92.44 
              9        132.57       93.08 
             10        142.52       94.16 
             11        152.40       95.68 
             12        162.21       97.64 
             13        171.92      100.03 
             14        181.51      102.86 
             15        190.96      106.11 
             16        200.27      109.78 
             17        209.40      113.86 
             18        218.33      118.35 
             19        227.06      123.22 
             20        235.57      128.49 
             21        243.83      134.12 
             22        251.83      140.12 
             23        259.55      146.47 
             24        266.99      153.16 
             25        274.12      160.17 
             26        280.92      167.50 
             27        287.40      175.12 
             28        290.90      179.63 
 
          Circle Center At X =  113.4 ; Y =  316.4  and Radius,  224.2 
 
 
                ***     2.543   *** 
 
 
 
          Failure Surface Specified By 29 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         44.44       98.00 
              2         54.32       96.45 
              3         64.25       95.25 
              4         74.22       94.41 
              5         84.21       93.93 
              6         94.20       93.81 
              7        104.20       94.04 
              8        114.18       94.64 
              9        124.14       95.59 
             10        134.05       96.89 
             11        143.91       98.56 
             12        153.71      100.57 
             13        163.43      102.93 
             14        173.05      105.64 
             15        182.58      108.69 
             16        191.98      112.08 
             17        201.26      115.81 
             18        210.40      119.87 
             19        219.39      124.25 
             20        228.22      128.95 
             21        236.87      133.96 
             22        245.34      139.28 
             23        253.61      144.90 
             24        261.67      150.82 
             25        269.52      157.02 
             26        277.14      163.49 
             27        284.52      170.24 
             28        291.66      177.24 
             29        295.33      181.11 
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          Circle Center At X =   92.6 ; Y =  372.9  and Radius,  279.1 
 
 
                ***     2.550   *** 
 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         44.44       98.00 
              2         54.02       95.12 
              3         63.72       92.66 
              4         73.51       90.64 
              5         83.38       89.06 
              6         93.32       87.91 
              7        103.29       87.21 
              8        113.29       86.95 
              9        123.29       87.14 
             10        133.27       87.76 
             11        143.21       88.83 
             12        153.09       90.34 
             13        162.90       92.29 
             14        172.62       94.67 
             15        182.21       97.48 
             16        191.68      100.71 
             17        200.99      104.36 
             18        210.13      108.42 
             19        219.08      112.88 
             20        227.82      117.73 
             21        236.34      122.97 
             22        244.62      128.58 
             23        252.64      134.55 
             24        260.39      140.87 
             25        267.85      147.53 
             26        275.01      154.51 
             27        281.85      161.81 
             28        288.36      169.40 
             29        294.53      177.27 
             30        297.87      181.96 
 
          Circle Center At X =  114.1 ; Y =  312.2  and Radius,  225.3 
 
 
                ***     2.575   *** 
 
 
 
          Failure Surface Specified By 27 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         66.67      104.89 
              2         76.56      103.41 
              3         86.50      102.31 
              4         96.47      101.59 
              5        106.46      101.24 
              6        116.46      101.27 
              7        126.46      101.68 
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              8        136.43      102.47 
              9        146.36      103.63 
             10        156.24      105.16 
             11        166.05      107.07 
             12        175.79      109.35 
             13        185.44      112.00 
             14        194.97      115.01 
             15        204.39      118.37 
             16        213.67      122.09 
             17        222.81      126.16 
             18        231.78      130.57 
             19        240.58      135.32 
             20        249.20      140.39 
             21        257.62      145.79 
             22        265.83      151.50 
             23        273.81      157.52 
             24        281.57      163.83 
             25        289.08      170.44 
             26        296.33      177.32 
             27        302.31      183.44 
 
          Circle Center At X =  110.7 ; Y =  365.7  and Radius,  264.5 
 
 
                ***     2.584   *** 
 
 
 
          Failure Surface Specified By 31 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         48.89       98.96 
              2         58.33       95.68 
              3         67.92       92.83 
              4         77.63       90.42 
              5         87.43       88.46 
              6         97.32       86.94 
              7        107.26       85.89 
              8        117.24       85.28 
              9        127.24       85.14 
             10        137.24       85.45 
             11        147.21       86.22 
             12        157.13       87.44 
             13        166.99       89.12 
             14        176.76       91.25 
             15        186.42       93.82 
             16        195.96       96.83 
             17        205.35      100.27 
             18        214.57      104.14 
             19        223.61      108.42 
             20        232.44      113.12 
             21        241.04      118.21 
             22        249.40      123.69 
             23        257.51      129.55 
             24        265.34      135.77 
             25        272.87      142.35 
             26        280.10      149.26 
             27        287.00      156.50 
             28        293.57      164.04 
             29        299.78      171.88 
             30        305.63      179.99 
             31        309.43      185.81 
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          Circle Center At X =  125.4 ; Y =  303.7  and Radius,  218.6 
 
 
                ***     2.596   *** 
 
 
 
          Failure Surface Specified By 27 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         80.00      109.33 
              2         89.57      106.43 
              3         99.28      104.02 
              4        109.09      102.11 
              5        118.99      100.70 
              6        128.95       99.80 
              7        138.94       99.41 
              8        148.94       99.52 
              9        158.92      100.15 
             10        168.86      101.29 
             11        178.72      102.93 
             12        188.49      105.07 
             13        198.14      107.71 
             14        207.63      110.83 
             15        216.96      114.44 
             16        226.09      118.52 
             17        235.00      123.05 
             18        243.67      128.04 
             19        252.07      133.46 
             20        260.19      139.31 
             21        268.00      145.56 
             22        275.47      152.20 
             23        282.60      159.21 
             24        289.36      166.58 
             25        295.74      174.28 
             26        301.72      182.30 
             27        302.53      183.51 
 
          Circle Center At X =  141.6 ; Y =  295.4  and Radius,  196.0 
 
 
                ***     2.603   *** 
 
 
 
          Failure Surface Specified By 27 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         75.56      107.85 
              2         85.48      106.62 
              3         95.44      105.74 
              4        105.43      105.23 
              5        115.43      105.07 
              6        125.42      105.28 
              7        135.41      105.85 
              8        145.36      106.79 
              9        155.28      108.08 
             10        165.14      109.73 
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             11        174.94      111.73 
             12        184.66      114.09 
             13        194.28      116.80 
             14        203.81      119.86 
             15        213.21      123.26 
             16        222.49      126.99 
             17        231.62      131.06 
             18        240.60      135.46 
             19        249.42      140.18 
             20        258.06      145.22 
             21        266.51      150.56 
             22        274.76      156.21 
             23        282.80      162.16 
             24        290.62      168.39 
             25        298.21      174.90 
             26        305.57      181.68 
             27        309.89      185.96 
 
          Circle Center At X =  114.6 ; Y =  381.3  and Radius,  276.2 
 
 
                ***     2.613   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     51.25    102.50    153.75    205.00    256.25 
 
          X      0.00 +---*---*-+----*--*-+---------+---------+---------+ 
                      -                                                   
                      -                 *                                 
                      -                                                   
                      -                                                   
                      -                  *                                
                51.25 +               ..*21                               
                      -              *..61.                               
                      -             ....2*7.                              
                      -            ..*..2179                              
                      -           .....6217*                              
                      -       *   .....62170.                             
          A    102.50 +    *      .....62170..                            
                      -          ......6219....                           
                      -         .......64170...                           
                      -         .......82370....                          
                      -         .......62170....                          
                      -         .......62130.....                         
          X    153.75 +         .......86157.....                         
                      -         ........6217......                        
                      -         .......86.150......                       
                      -         ........8621.......                       
                      -         ........8.613......                       
                      -          ........8.430......                      
          I    205.00 +          .........6.13.......                     
                      -           ........86213......                     
                      -           .........86137......                    
                      -            .........86130.....                    
                      -             .........8613......                   
                      -              .........8613.....                   
          S    256.25 +               .........86134....                  
                      -                 ........8.134....                 
                      -                   ........81225..                 
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                      -                     .......8.124..                
                      -                      ........81124                
                      -                          .......122               
               307.50 +                      *       ....8*               
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          F    358.75 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          T    410.00 +   *  *              *            *                
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FINAL COVER 
Deep Failure 
MHA = 0.42 g 
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                              ** PCSTABL6 ** 
 
                                    by 
                             Purdue University 
 
                                modified by 
                             Peter J. Bosscher 
                      University of Wisconsin-Madison 
 
 
 
 
 
 
                       --Slope Stability Analysis-- 
                    Simplified Janbu, Simplified Bishop 
                       or Spencer`s Method of Slices 
 
 
 
 
 
 
          PROBLEM DESCRIPTION   North Final Cover, Deep Failure - MHA =  
                                0.0 g                                    
 
 
 
 
          BOUNDARY COORDINATES 
 
              5 Top   Boundaries 
             21 Total Boundaries 
 
 
          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type 
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd 
 
              1          0.00      92.00      19.00      92.00        4 
              2         19.00      92.00      40.00      98.00        3 
              3         40.00      98.00      46.00      98.00        3 
              4         46.00      98.00     310.00     186.00        1 
              5        310.00     186.00     410.00     181.00        1 
              6         46.00      98.00      65.00      98.00        3 
              7         65.00      98.00      85.00     108.00        2 
              8         85.00     108.00     310.00     183.00        2 
              9        310.00     183.00     410.00     178.00        2 
             10         65.00      98.00      75.00      78.00        3 
             11         75.00      78.00     310.00     120.00        8 
             12        310.00     120.00     410.00     115.00        8 
             13         75.00      78.00      94.00      40.00        5 
             14         94.00      40.00     100.00      28.00        6 
             15        100.00      28.00     410.00      34.20        6 
             16         19.00      92.00      47.00      92.00        4 
             17         47.00      92.00      60.00      78.00        4 
             18         60.00      78.00      75.00      78.00        5 
             19          0.00      78.00      60.00      78.00        5 
             20          0.00      40.00      94.00      40.00        6 
             21          0.00      20.00     410.00      20.00        7 
 
 
 
         ISOTROPIC SOIL PARAMETERS 
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           8 Type(s) of Soil 
 
 
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez. 
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface 
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No. 
 
            1   110.0    110.0     170.0     35.0    0.00       0.0      0 
            2   100.0    100.0     550.0     27.0    0.00       0.0      0 
            3   110.0    110.0     370.0     35.0    0.00       0.0      0 
            4   120.0    120.0       0.0     35.0    0.00       0.0      0 
            5   120.0    120.0    1440.0     35.0    0.00       0.0      0 
            6   120.0    120.0    2880.0     35.0    0.00       0.0      0 
            7   120.0    120.0    4320.0     35.0    0.00       0.0      0 
            8   115.0    115.0     750.0     27.0    0.00       0.0      0 
 
 
 
          A Horizontal Earthquake Loading Coefficient 
          Of0.420 Has Been Assigned 
 
          A Vertical Earthquake Loading Coefficient 
          Of0.000 Has Been Assigned 
 
          Cavitation Pressure =    0.0 psf 
 
 
 
          A Critical Failure Surface Searching Method, Using A Random  
          Technique For Generating Circular Surfaces, Has Been Specified. 
 
 
          500 Trial Surfaces Have Been Generated. 
 
 
           50 Surfaces Initiate From Each Of 10 Points Equally Spaced 
          Along The Ground Surface Between  X =  40.00 ft. 
                                       and  X =  80.00 ft. 
 
 
          Each Surface Terminates Between   X = 100.00 ft. 
                                      and   X = 310.00 ft. 
 
 
          Unless Further Limitations Were Imposed, The Minimum Elevation 
          At Which A Surface Extends Is  Y = 15.00 ft. 
 
 
          10.00 ft. Line Segments Define Each Trial Failure Surface. 
 
 
 
 
          Following Are Displayed The Ten Most Critical Of The Trial 
          Failure Surfaces Examined.  They Are Ordered - Most Critical 
          First. 
 
 
          * * Safety Factors Are Calculated By The Modified Bishop Method * * 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
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             No.        (ft)        (ft) 
 
              1         53.33      100.44 
              2         63.18       98.70 
              3         73.08       97.31 
              4         83.03       96.28 
              5         93.01       95.62 
              6        103.00       95.33 
              7        113.00       95.39 
              8        122.99       95.82 
              9        132.96       96.62 
             10        142.90       97.78 
             11        152.78       99.30 
             12        162.60      101.18 
             13        172.35      103.41 
             14        182.01      106.00 
             15        191.57      108.94 
             16        201.01      112.23 
             17        210.33      115.85 
             18        219.51      119.82 
             19        228.54      124.12 
             20        237.40      128.74 
             21        246.10      133.69 
             22        254.60      138.94 
             23        262.91      144.51 
             24        271.01      150.37 
             25        278.89      156.53 
             26        286.55      162.97 
             27        293.96      169.68 
             28        301.12      176.66 
             29        308.02      183.89 
             30        309.85      185.95 
 
          Circle Center At X =  106.2 ; Y =  369.6  and Radius,  274.3 
 
 
                ***     1.018   *** 
 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         48.89       98.96 
              2         58.80       97.65 
              3         68.75       96.67 
              4         78.73       96.01 
              5         88.73       95.69 
              6         98.73       95.69 
              7        108.72       96.02 
              8        118.70       96.69 
              9        128.65       97.68 
             10        138.56       98.99 
             11        148.43      100.64 
             12        158.23      102.60 
             13        167.97      104.89 
             14        177.62      107.50 
             15        187.18      110.42 
             16        196.65      113.66 
             17        206.00      117.21 
             18        215.22      121.06 
             19        224.32      125.21 
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             20        233.27      129.67 
             21        242.08      134.41 
             22        250.72      139.44 
             23        259.19      144.76 
             24        267.48      150.35 
             25        275.59      156.21 
             26        283.49      162.33 
             27        291.19      168.71 
             28        298.68      175.34 
             29        305.94      182.21 
             30        309.53      185.84 
 
          Circle Center At X =   93.6 ; Y =  399.3  and Radius,  303.6 
 
 
                ***     1.025   *** 
 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         44.44       98.00 
              2         54.23       95.96 
              3         64.10       94.30 
              4         74.01       93.02 
              5         83.97       92.11 
              6         93.96       91.59 
              7        103.96       91.46 
              8        113.95       91.71 
              9        123.93       92.34 
             10        133.88       93.35 
             11        143.79       94.74 
             12        153.63       96.52 
             13        163.39       98.67 
             14        173.07      101.19 
             15        182.64      104.08 
             16        192.10      107.33 
             17        201.42      110.95 
             18        210.60      114.92 
             19        219.62      119.24 
             20        228.47      123.90 
             21        237.13      128.90 
             22        245.59      134.22 
             23        253.84      139.87 
             24        261.87      145.83 
             25        269.67      152.09 
             26        277.22      158.65 
             27        284.51      165.49 
             28        291.54      172.61 
             29        298.29      179.99 
             30        300.77      182.92 
 
          Circle Center At X =  102.5 ; Y =  352.2  and Radius,  260.8 
 
 
                ***     1.026   *** 
 
 
 
          Failure Surface Specified By 28 Coordinate Points 
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            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         53.33      100.44 
              2         63.03       97.98 
              3         72.82       95.95 
              4         82.69       94.36 
              5         92.62       93.22 
              6        102.60       92.51 
              7        112.60       92.26 
              8        122.60       92.44 
              9        132.57       93.08 
             10        142.52       94.16 
             11        152.40       95.68 
             12        162.21       97.64 
             13        171.92      100.03 
             14        181.51      102.86 
             15        190.96      106.11 
             16        200.27      109.78 
             17        209.40      113.86 
             18        218.33      118.35 
             19        227.06      123.22 
             20        235.57      128.49 
             21        243.83      134.12 
             22        251.83      140.12 
             23        259.55      146.47 
             24        266.99      153.16 
             25        274.12      160.17 
             26        280.92      167.50 
             27        287.40      175.12 
             28        290.90      179.63 
 
          Circle Center At X =  113.4 ; Y =  316.4  and Radius,  224.2 
 
 
                ***     1.040   *** 
 
 
 
          Failure Surface Specified By 29 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         44.44       98.00 
              2         54.32       96.45 
              3         64.25       95.25 
              4         74.22       94.41 
              5         84.21       93.93 
              6         94.20       93.81 
              7        104.20       94.04 
              8        114.18       94.64 
              9        124.14       95.59 
             10        134.05       96.89 
             11        143.91       98.56 
             12        153.71      100.57 
             13        163.43      102.93 
             14        173.05      105.64 
             15        182.58      108.69 
             16        191.98      112.08 
             17        201.26      115.81 
             18        210.40      119.87 
             19        219.39      124.25 
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             20        228.22      128.95 
             21        236.87      133.96 
             22        245.34      139.28 
             23        253.61      144.90 
             24        261.67      150.82 
             25        269.52      157.02 
             26        277.14      163.49 
             27        284.52      170.24 
             28        291.66      177.24 
             29        295.33      181.11 
 
          Circle Center At X =   92.6 ; Y =  372.9  and Radius,  279.1 
 
 
                ***     1.041   *** 
 
 
 
          Failure Surface Specified By 27 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         66.67      104.89 
              2         76.56      103.41 
              3         86.50      102.31 
              4         96.47      101.59 
              5        106.46      101.24 
              6        116.46      101.27 
              7        126.46      101.68 
              8        136.43      102.47 
              9        146.36      103.63 
             10        156.24      105.16 
             11        166.05      107.07 
             12        175.79      109.35 
             13        185.44      112.00 
             14        194.97      115.01 
             15        204.39      118.37 
             16        213.67      122.09 
             17        222.81      126.16 
             18        231.78      130.57 
             19        240.58      135.32 
             20        249.20      140.39 
             21        257.62      145.79 
             22        265.83      151.50 
             23        273.81      157.52 
             24        281.57      163.83 
             25        289.08      170.44 
             26        296.33      177.32 
             27        302.31      183.44 
 
          Circle Center At X =  110.7 ; Y =  365.7  and Radius,  264.5 
 
 
                ***     1.055   *** 
 
 
 
          Failure Surface Specified By 30 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
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              1         44.44       98.00 
              2         54.02       95.12 
              3         63.72       92.66 
              4         73.51       90.64 
              5         83.38       89.06 
              6         93.32       87.91 
              7        103.29       87.21 
              8        113.29       86.95 
              9        123.29       87.14 
             10        133.27       87.76 
             11        143.21       88.83 
             12        153.09       90.34 
             13        162.90       92.29 
             14        172.62       94.67 
             15        182.21       97.48 
             16        191.68      100.71 
             17        200.99      104.36 
             18        210.13      108.42 
             19        219.08      112.88 
             20        227.82      117.73 
             21        236.34      122.97 
             22        244.62      128.58 
             23        252.64      134.55 
             24        260.39      140.87 
             25        267.85      147.53 
             26        275.01      154.51 
             27        281.85      161.81 
             28        288.36      169.40 
             29        294.53      177.27 
             30        297.87      181.96 
 
          Circle Center At X =  114.1 ; Y =  312.2  and Radius,  225.3 
 
 
                ***     1.057   *** 
 
 
 
          Failure Surface Specified By 31 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         48.89       98.96 
              2         58.33       95.68 
              3         67.92       92.83 
              4         77.63       90.42 
              5         87.43       88.46 
              6         97.32       86.94 
              7        107.26       85.89 
              8        117.24       85.28 
              9        127.24       85.14 
             10        137.24       85.45 
             11        147.21       86.22 
             12        157.13       87.44 
             13        166.99       89.12 
             14        176.76       91.25 
             15        186.42       93.82 
             16        195.96       96.83 
             17        205.35      100.27 
             18        214.57      104.14 
             19        223.61      108.42 
             20        232.44      113.12 
             21        241.04      118.21 



Page 101 of 103 

             22        249.40      123.69 
             23        257.51      129.55 
             24        265.34      135.77 
             25        272.87      142.35 
             26        280.10      149.26 
             27        287.00      156.50 
             28        293.57      164.04 
             29        299.78      171.88 
             30        305.63      179.99 
             31        309.43      185.81 
 
          Circle Center At X =  125.4 ; Y =  303.7  and Radius,  218.6 
 
 
                ***     1.067   *** 
 
 
 
          Failure Surface Specified By 27 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
 
              1         75.56      107.85 
              2         85.48      106.62 
              3         95.44      105.74 
              4        105.43      105.23 
              5        115.43      105.07 
              6        125.42      105.28 
              7        135.41      105.85 
              8        145.36      106.79 
              9        155.28      108.08 
             10        165.14      109.73 
             11        174.94      111.73 
             12        184.66      114.09 
             13        194.28      116.80 
             14        203.81      119.86 
             15        213.21      123.26 
             16        222.49      126.99 
             17        231.62      131.06 
             18        240.60      135.46 
             19        249.42      140.18 
             20        258.06      145.22 
             21        266.51      150.56 
             22        274.76      156.21 
             23        282.80      162.16 
             24        290.62      168.39 
             25        298.21      174.90 
             26        305.57      181.68 
             27        309.89      185.96 
 
          Circle Center At X =  114.6 ; Y =  381.3  and Radius,  276.2 
 
 
                ***     1.068   *** 
 
 
 
          Failure Surface Specified By 27 Coordinate Points 
 
 
            Point      X-Surf      Y-Surf 
             No.        (ft)        (ft) 
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              1         80.00      109.33 
              2         89.57      106.43 
              3         99.28      104.02 
              4        109.09      102.11 
              5        118.99      100.70 
              6        128.95       99.80 
              7        138.94       99.41 
              8        148.94       99.52 
              9        158.92      100.15 
             10        168.86      101.29 
             11        178.72      102.93 
             12        188.49      105.07 
             13        198.14      107.71 
             14        207.63      110.83 
             15        216.96      114.44 
             16        226.09      118.52 
             17        235.00      123.05 
             18        243.67      128.04 
             19        252.07      133.46 
             20        260.19      139.31 
             21        268.00      145.56 
             22        275.47      152.20 
             23        282.60      159.21 
             24        289.36      166.58 
             25        295.74      174.28 
             26        301.72      182.30 
             27        302.53      183.51 
 
          Circle Center At X =  141.6 ; Y =  295.4  and Radius,  196.0 
 
 
                ***     1.069   *** 
 
 
 
 
 
                     Y            A     X     I     S            F     T 
 
 
                     0.00     51.25    102.50    153.75    205.00    256.25 
 
          X      0.00 +---*---*-+----*--*-+---------+---------+---------+ 
                      -                                                   
                      -                 *                                 
                      -                                                   
                      -                                                   
                      -                  *                                
                51.25 +               ..*21                               
                      -              *..71.                               
                      -             ....3*6.                              
                      -            ..*..3169                              
                      -           .....7316*                              
                      -       *   .....73169.                             
          A    102.50 +    *      .....73169..                            
                      -          ......7310....                           
                      -         .......74169...                           
                      -         .......83269....                          
                      -         .......73169....                          
                      -         .......73129.....                         
          X    153.75 +         .......87156.....                         
                      -         ........7316......                        
                      -         .......87.159......                       
                      -         ........8731.......                       
                      -         ........8.712......                       
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                      -          ........8.429......                      
          I    205.00 +          .........7.12.......                     
                      -           ........87312......                     
                      -           .........87126......                    
                      -            .........87129.....                    
                      -             .........8712......                   
                      -              .........8712.....                   
          S    256.25 +               .........87124....                  
                      -                 ........8.124....                 
                      -                   ........81235..                 
                      -                     .......8.124..                
                      -                      ........81134                
                      -                          .......133               
               307.50 +                      *       ....8*               
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          F    358.75 +                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
                      -                                                   
          T    410.00 +   *  *              *            *                
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AMENDED EXCAVATION	SLOPE	STABILITY	CALCULATION	–	UTILIZING	2015	SOIL	PROPERTIES	

Slope	stability	analyses	were	done	utilizing	soil	properties	representing	the	replacement	of	the	low‐
cohesive	strength	(also	called	“cohesionless”)	surface	soil	layer	with	compacted	native	soil	
materials.		Prior	to	conducting	the	2015	geotechnical	investigation,	the	surface	soil	was	considered	
to	be	up	to	16	feet	thick	and	the	‘leveling	berm’	(to	be	constructed	of	the	same	compacted	soil)	was	
considered	at	up	to	10	feet	thick,	for	a	maximum	combined	thickness	of	26	feet.		The	properties	of	
the	replaced	(compacted)	surface	soil	layer	(including	leveling	berm)	were	determined	by	Trench	
12	soil	testing.		These	properties	were:	

Density	=	110	PCF	
Cohesive	strength,	C=370	PSF	
Angle	of	internal	friction,	phi	=	35	degrees	

C	and	phi	were	the	average	of	two	Trench	12	test	values	(reference	in	prior	calculation)	

For	Trench	13	design,	a	geotechnical	investigation	was	conducted	to	determine	deep	stratigraphy	
(i.e.,	materials	present	from	ground	surface	to	as	much	as	20	feet	below	Trench	13	total	depth)	and	
to	determine	thickness	and	physical	properties	of	the	natural	low‐cohesion	surface	soil	layer.		One	
objective	of	this	investigation	was	to	provide	site‐specific	physical	properties	for	the	surface	soil	
layer	resulting	from	replacement	of	low‐cohesion	native	soil	and	construction	of	the	leveling	berm.	

Soil	samples	tested	from	2015	Trench	13	geotechnical	investigation	test	pits	were	identified	as	
“unconsolidated”	(from	the	low‐cohesion	surface	soil)	and	“consolidated”	(from	the	native	soil	layer	
immediately	beneath	the	low‐cohesion	layer).		Eight	samples	were	tested,	one	from	each	soil	type	
from	each	of	four	test	pits.		Test	specimens	were	compacted	at	a	dry	density	and	moisture	content	
intended	to	represent	the	condition	of	the	replaced	and	compacted	surface	soil.		The	target	
Maximum	Dry	Density	(MDD)	and	Optimum	Moisture	Content	(OMC),	as	determined	by	ASTM	
D1557,	were	95%	(min.)	and	OMC	±	2%.		1	

Considering	all	of	the	test	values	to	be	representative	of	the	mixed	materials	that	will	be	used	for	
the	replaced	and	compacted	surface	soil	layer,	the	average	properties	are:	

Density	=	125	PCF	
Cohesive	strength,	C	=	300	PSF	
Angle	of	internal	friction,	phi	=	35	degrees	

The	Trench	12	values	are	similar	and	could	be	considered	together	with	the	more	recent	Trench	13	
test	results	resulting	in	a	slightly	lower	density	and	slightly	higher	cohesion.		However,	the	
following	slope	stability	analyses	were	done	using	the	average	of	only	the	Trench	13	values.	

The	method	used	for	this	slope	stability	calculation	is	the	Modified	Bishop	method	of	circular	
failure	plane	search	done	using	the	program	WinStabl	(reference	in	prior	Trench	13	calculation).		
The	program	was	formulated	to	determine	SF	(safety	factor)	against	slope	failure	for	failure	planes	

1			 Note	–	the	dry	densities	of	soil	samples	tested	to	determine	cohesive	strength	were	lower	that	95%	MDD.		
These	values	represent	the	densities	before	testing	and	higher	‘as‐tested’	densities	would	have	resulted	
from	normal	loads	imposed	to	conduct	direct	shear	testing.		The	as‐tested	densities	more	directly	
represent	the	‘as	compacted’	soil	properties	in	the	excavation	sidewall.	
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fully	within	the	replaced/compacted	surface	soil	(i.e.,	shallow	failure)	and	failure	planes	involving	
the	full	vertical	thickness	of	excavated	soil	(i.e.,	deeper	failure).	

Physical	Model:		The	physical	model	used	for	the	slope	stability	analyses	is	the	same	as	used	for	
other	Trench	13	slope	stability	calculations.		That	is,	excavation	slopes	of	0.5	H	:	1.0	V	(Horizontal	:	
Vertical)	and	maximum	depth	of	75	feet.		This	condition	approximates	the	excavation	dimensions	at	
each	of	the	Trench	13	LCRS	sumps.		Within	this	excavation	profile,	the	uppermost	soil	layer	is	the	
combination	of	the	removed/replaced	low‐cohesion	soil	layer	and	the	leveling	berm.		This	material	
is	represented	in	the	physical	model	as	a	total	of	20	ft	of	replaced	(compacted)	surface	soil.		This	
layer	replaces	10	ft	of	natural	surface	soil	and	adds	10	ft	of	‘leveling	berm’.			

The	properties	of	replaced	(compacted)	surface	soil	are	the	average	of	those	determined	for	the	
2015	geotechnical	investigation.	As	noted	above.	

Results	of	this	calculation	

Model	 MHA Min.	Safety	Factor	
RUN	1	–	Deeper	failure	 MHA	=	0.0	g 1.97
RUN	2	–	Shallow	failure	 MHA	=	0.0	g 2.22
RUN	3	–	Deeper	failure	 MHA	=	0.42	g 1.21
RUN	4	–	Shallow	failure	 MHA	=	0.42	g 1.30

MHA	‐=	maximum	horizontal	acceleration	in	%	g	

Findings	

Using	the	properties	of	the	compacted	soil	formed	by	the	use	of	the	mix	of	low‐cohesion	surface	soil	
and	underlying	‘consolidated’	soil	in	the	Trench	13	excavation	sidewalls,	acceptable	factors	of	
safety	against	slope	failure	are	achieved	for	shallow	and	deep	slope	failures	under	static	and	
earthquake	(i.e.,	pseudo‐static)	failure	scenarios.		The	explanation	of	static	and	pseudo‐static	failure	
scenarios	and	the	explanation	of	acceptable	safety	factors	is	provided	in	another	Trench	13	
calculation.	
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RUNS	1	and	2	–	Deep	failure,	MHA	=	0.0	g	and	Shallow	failure,	MHA	=	0.0	g	
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RUNS	3	and	4	–	Deep	failure,	MHA	=	0.42	g	and	Shallow	failure,	MHA	=	0.42	g



Sample Cohesion Phi, degrees MDD, PCF Dry Density 
(average, as 
tested)

Opt Moisture, 
%

%MDD as 
tested

Moisture Content 
(average, as tested)

Gravel, % Sand, %  Fines,%

Consol 4 150 40.6 124.5 113.0 6.0 90.8% 6.1 42.0 55.8 2.2
Unconsol 3 170 32.2 123.9 111.6 7.8 90.0% 7.9 20.0 63.0 17.0
Unconsol 1 250 30.6 117.6 105.9 10.5 90.1% 10.7 6.0 70.0 24.0
Unconsol 4 270 30.1 127.0 114.7 7.7 90.3% 7.5 19.0 63.0 18.0
Consol 3 300 41.2 131.7 119.5 6.9 90.7% 6.9 30.0 64.1 5.9
Consol 2 310 37.6 125.8 116.4 8.2 92.5% 7.5 25.0 68.8 6.2
Consol 1 410 32.8 130.0 117.4 6.5 90.3% 6.3 5.0 73.0 22.0

Unconsol 2 550 34.0 120.7 109.3 10.6 90.6% 10.4 20.0 67.0 13.0

All soil 301.3 34.9 125.2 113.5 8.0 90.7% ‐‐ 20.9 65.6 13.5
Unconsol 310.0 31.7 122.3 110.4 9.2 90.3% ‐‐ 16.3 65.8 18.0
Consol 292.5 38.1 128.0 116.6 6.9 91.1% ‐‐ 25.5 65.4 9.1
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Excavation, MHA = 0.0 g, deeper failure plane
                              ** PCSTABL6 **

                                    by
                             Purdue University

                                modified by
                             Peter J. Bosscher
                      University of Wisconsin-Madison

                       --Slope Stability Analysis--
                    Simplified Janbu, Simplified Bishop
                       or Spencer`s Method of Slices

          PROBLEM DESCRIPTION   South Side Excavation - 10 ft surface so
                                il - MHA = 0.0 g                        

          BOUNDARY COORDINATES

             10 Top   Boundaries
             16 Total Boundaries

          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd

              1          0.00      29.00      85.00      28.00        4
              2         85.00      28.00      90.00      23.00        4
              3         90.00      23.00     100.00      23.00        4
              4        100.00      23.00     112.00      50.00        4
              5        112.00      50.00     127.00      82.00        3
              6        127.00      82.00     132.00      92.00        1
              7        132.00      92.00     135.00      98.00        1
              8        135.00      98.00     160.00      98.00        1
              9        160.00      98.00     181.00      92.00        1
             10        181.00      92.00     200.00      92.00        2
             11        130.00      87.00     147.00      87.00        3
             12        147.00      87.00     153.00      92.00        2
             13        153.00      92.00     181.00      92.00        2
             14        147.00      87.00     200.00      87.00        3
             15        112.00      50.00     200.00      50.00        4
             16          0.00      20.00     200.00      20.00        5

         ISOTROPIC SOIL PARAMETERS

           5 Type(s) of Soil
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Excavation, MHA = 0.0 g, deeper failure plane
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez.
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No.

            1   125.0    125.0     300.0     35.0    0.00       0.0      0
            2   120.0    120.0       0.0     35.0    0.00       0.0      0
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0

          A Horizontal Earthquake Loading Coefficient
          Of0.000 Has Been Assigned

          A Vertical Earthquake Loading Coefficient
          Of0.000 Has Been Assigned

          Cavitation Pressure =    0.0 psf

          A Critical Failure Surface Searching Method, Using A Random 
          Technique For Generating Circular Surfaces, Has Been Specified.

          250 Trial Surfaces Have Been Generated.

           25 Surfaces Initiate From Each Of 10 Points Equally Spaced
          Along The Ground Surface Between  X = 100.00 ft.
                                       and  X = 120.00 ft.

          Each Surface Terminates Between   X = 130.00 ft.
                                      and   X = 195.00 ft.

          Unless Further Limitations Were Imposed, The Minimum Elevation
          At Which A Surface Extends Is  Y = 15.00 ft.

          10.00 ft. Line Segments Define Each Trial Failure Surface.

          Following Are Displayed The Ten Most Critical Of The Trial
          Failure Surfaces Examined.  They Are Ordered - Most Critical
          First.

          * * Safety Factors Are Calculated By The Modified Bishop Method * *

          Failure Surface Specified By  8 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        113.33       52.85
              2        121.76       58.24
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Excavation, MHA = 0.0 g, deeper failure plane
              3        129.72       64.28
              4        137.18       70.94
              5        144.09       78.17
              6        150.40       85.93
              7        156.08       94.16
              8        158.30       98.00

          Circle Center At X =   49.8 ; Y =  161.4  and Radius,  125.8

                ***     1.973   ***

          Failure Surface Specified By  9 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        111.11       48.00
              2        119.37       53.64
              3        127.33       59.70
              4        134.95       66.17
              5        142.23       73.02
              6        149.14       80.25
              7        155.67       87.83
              8        161.79       95.74
              9        162.80       97.20

          Circle Center At X =    7.4 ; Y =  208.9  and Radius,  191.4

                ***     1.982   ***

          Failure Surface Specified By  8 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        113.33       52.85
              2        122.21       57.45
              3        130.62       62.86
              4        138.50       69.01
              5        145.78       75.87
              6        152.40       83.37
              7        158.30       91.44
              8        161.90       97.46

          Circle Center At X =   67.8 ; Y =  151.3  and Radius,  108.5

                ***     1.996   ***

          Failure Surface Specified By 12 Coordinate Points

            Point      X-Surf      Y-Surf
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Excavation, MHA = 0.0 g, deeper failure plane
             No.        (ft)        (ft)

              1        100.00       23.00
              2        108.84       27.67
              3        117.31       32.99
              4        125.35       38.93
              5        132.92       45.47
              6        139.98       52.56
              7        146.48       60.15
              8        152.39       68.22
              9        157.67       76.71
             10        162.30       85.57
             11        166.25       94.76
             12        166.71       96.08

          Circle Center At X =   42.6 ; Y =  142.5  and Radius,  132.5

                ***     2.010   ***

          Failure Surface Specified By  9 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        111.11       48.00
              2        119.12       53.99
              3        126.93       60.23
              4        134.55       66.72
              5        141.95       73.44
              6        149.14       80.39
              7        156.10       87.57
              8        162.83       94.96
              9        164.36       96.75

          Circle Center At X =  -74.1 ; Y =  303.9  and Radius,  315.9

                ***     2.016   ***

          Failure Surface Specified By  8 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        111.11       48.00
              2        120.29       51.96
              3        128.64       57.47
              4        135.90       64.34
              5        141.85       72.38
              6        146.30       81.34
              7        149.12       90.93
              8        149.91       98.00

          Circle Center At X =   93.2 ; Y =  102.2  and Radius,   57.1
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Excavation, MHA = 0.0 g, deeper failure plane
                ***     2.032   ***

          Failure Surface Specified By 11 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        102.22       28.00
              2        110.92       32.94
              3        119.27       38.45
              4        127.23       44.49
              5        134.77       51.06
              6        141.86       58.11
              7        148.47       65.62
              8        154.56       73.55
              9        160.11       81.87
             10        165.09       90.54
             11        167.67       95.81

          Circle Center At X =   32.4 ; Y =  161.0  and Radius,  150.2

                ***     2.042   ***

          Failure Surface Specified By 11 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        100.00       23.00
              2        108.95       27.45
              3        117.44       32.75
              4        125.36       38.85
              5        132.67       45.68
              6        139.27       53.18
              7        145.13       61.29
              8        150.17       69.93
              9        154.35       79.01
             10        157.63       88.46
             11        159.94       98.00

          Circle Center At X =   58.5 ; Y =  117.6  and Radius,  103.3

                ***     2.042   ***

          Failure Surface Specified By 10 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        106.67       38.00
              2        115.44       42.80
              3        123.81       48.27

Page 5



Excavation, MHA = 0.0 g, deeper failure plane
              4        131.73       54.38
              5        139.14       61.09
              6        146.01       68.36
              7        152.28       76.15
              8        157.93       84.40
              9        162.92       93.07
             10        164.63       96.68

          Circle Center At X =   49.8 ; Y =  152.4  and Radius,  127.7

                ***     2.049   ***

          Failure Surface Specified By 10 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        104.44       33.00
              2        112.97       38.24
              3        121.01       44.17
              4        128.53       50.76
              5        135.47       57.97
              6        141.77       65.73
              7        147.40       74.00
              8        152.30       82.71
              9        156.46       91.81
             10        158.68       98.00

          Circle Center At X =   46.8 ; Y =  136.4  and Radius,  118.4

                ***     2.057   ***

                     Y            A     X     I     S            F     T

                     0.00     25.00     50.00     75.00    100.00    125.00

          X      0.00 +-------*-+-*-------+---------+---------+---------+
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                25.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          A     50.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
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Excavation, MHA = 0.0 g, deeper failure plane
                      -                                                  
          X     75.00 +                                                  
                      -                                                  
                      -          *                                       
                      -                                                  
                      -        *                                         
                      -                                                  
          I    100.00 +        *                                         
                      -          7.0                                     
                      -       ...4. .9 .                                 
                      -         ...7.0. .2*1                             
                      -           .4...9... .. .                         
                      -       .......7..0..251. ..                       
          S    125.00 +           ....4..9....5.... .  *                 
                      -        .........7.0..6231..... . *               
                      -         ........4.7.9...25 .. .... * *           
                      -         ...........8.09.6.1...... ....           
                      -          ... ......4.7. 0..2..........           
                      -            ...........48.9..31.6.*. ..           
               150.00 +          ...............7.8...2.1.6..6           
                      -              ............4.79.83.2 *1.           
                      -            ..................4.798.3.*           
                      -               ................. 4..922           
                      -              .....................7.49           
                      -                  ....................            
          F    175.00 +                 .....................            
                      -                    ................*             
                      -                     ................             
                      -                        .............             
                      -                           ..........             
                      -                                 ....             
          T    200.00 +       *           *              * *             
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REV - Excavation, MHA = 0.0 g, shallow failure plane
                              ** PCSTABL6 **

                                    by
                             Purdue University

                                modified by
                             Peter J. Bosscher
                      University of Wisconsin-Madison

                       --Slope Stability Analysis--
                    Simplified Janbu, Simplified Bishop
                       or Spencer`s Method of Slices

          PROBLEM DESCRIPTION   Case 2:  South Side Excavation - 10 ft s
                                urface soil - MHA = 0.0 g               

          BOUNDARY COORDINATES

             10 Top   Boundaries
             16 Total Boundaries

          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd

              1          0.00      29.00      85.00      28.00        4
              2         85.00      28.00      90.00      23.00        4
              3         90.00      23.00     100.00      23.00        4
              4        100.00      23.00     112.00      50.00        4
              5        112.00      50.00     127.00      82.00        3
              6        127.00      82.00     132.00      92.00        1
              7        132.00      92.00     135.00      98.00        1
              8        135.00      98.00     160.00      98.00        1
              9        160.00      98.00     181.00      92.00        1
             10        181.00      92.00     200.00      92.00        2
             11        130.00      87.00     147.00      87.00        3
             12        147.00      87.00     153.00      92.00        2
             13        153.00      92.00     181.00      92.00        2
             14        147.00      87.00     200.00      87.00        3
             15        112.00      50.00     200.00      50.00        4
             16          0.00      20.00     200.00      20.00        5

         ISOTROPIC SOIL PARAMETERS

           5 Type(s) of Soil
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REV - Excavation, MHA = 0.0 g, shallow failure plane
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez.
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No.

            1   125.0    125.0     300.0     35.0    0.00       0.0      0
            2   120.0    120.0       0.0     35.0    0.00       0.0      0
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0

          A Critical Failure Surface Searching Method, Using A Random 
          Technique For Generating Circular Surfaces, Has Been Specified.

          250 Trial Surfaces Have Been Generated.

           25 Surfaces Initiate From Each Of 10 Points Equally Spaced
          Along The Ground Surface Between  X = 125.00 ft.
                                       and  X = 130.00 ft.

          Each Surface Terminates Between   X = 142.00 ft.
                                      and   X = 150.00 ft.

          Unless Further Limitations Were Imposed, The Minimum Elevation
          At Which A Surface Extends Is  Y = 15.00 ft.

          10.00 ft. Line Segments Define Each Trial Failure Surface.

          Following Are Displayed The Ten Most Critical Of The Trial
          Failure Surfaces Examined.  They Are Ordered - Most Critical
          First.

          * * Safety Factors Are Calculated By The Modified Bishop Method * *

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        137.81       92.37
              3        142.10       98.00

          Circle Center At X =  120.1 ; Y =  110.3  and Radius,   25.2

                ***     2.219   ***

          Failure Surface Specified By  3 Coordinate Points
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REV - Excavation, MHA = 0.0 g, shallow failure plane

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        137.75       92.45
              3        142.55       98.00

          Circle Center At X =  115.7 ; Y =  116.4  and Radius,   32.5

                ***     2.225   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        137.36       93.00
              3        142.86       98.00

          Circle Center At X =   67.7 ; Y =  175.1  and Radius,  107.7

                ***     2.284   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        138.25       91.64
              3        143.17       98.00

          Circle Center At X =  123.8 ; Y =  108.0  and Radius,   21.8

                ***     2.301   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        128.89       85.78
              2        136.98       91.65
              3        144.56       98.00

          Circle Center At X =   49.5 ; Y =  203.8  and Radius,  142.3
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REV - Excavation, MHA = 0.0 g, shallow failure plane
                ***     2.350   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        128.89       85.78
              2        137.01       91.61
              3        144.66       98.00

          Circle Center At X =   52.7 ; Y =  200.4  and Radius,  137.6

                ***     2.355   ***

          Failure Surface Specified By  4 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        128.89       85.78
              2        136.84       91.85
              3        144.78       97.92
              4        144.88       98.00

          Circle Center At X = ****** ; Y = 6045.1  and Radius, 7493.0

                ***     2.385   ***

          Failure Surface Specified By  4 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        128.89       85.78
              2        137.03       91.58
              3        144.99       97.64
              4        145.43       98.00

          Circle Center At X =  -51.8 ; Y =  347.8  and Radius,  318.3

                ***     2.403   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)
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REV - Excavation, MHA = 0.0 g, shallow failure plane
              1        128.33       84.67
              2        135.51       91.63
              3        142.08       98.00

          Circle Center At X = ****** ; Y = 6811.5  and Radius, 9363.2

                ***     2.405   ***

          Failure Surface Specified By  4 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        127.78       83.56
              2        135.59       89.81
              3        142.07       97.41
              4        142.41       98.00

          Circle Center At X =   98.8 ; Y =  127.7  and Radius,   52.8

                ***     2.427   ***

                     Y            A     X     I     S            F     T

                     0.00     25.00     50.00     75.00    100.00    125.00

          X      0.00 +-------*-+-*-------+---------+---------+---------+
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                25.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          A     50.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          X     75.00 +                                                  
                      -                                                  
                      -          *                                       
                      -                                                  
                      -        *                                         
                      -                                                  
          I    100.00 +        *                                         
                      -                                                  
                      -                                                  
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REV - Excavation, MHA = 0.0 g, shallow failure plane
                      -                   *                              
                      -                                                  
                      -                                                  
          S    125.00 +                              ..*                 
                      -                                05*               
                      -                              ......* *           
                      -                               ....01.            
                      -                                ......1           
                      -                                 .*...5           
               150.00 +                                   ....           
                      -                                    *             
                      -                                      *           
                      -                                                  
                      -                                                  
                      -                                                  
          F    175.00 +                                                  
                      -                                    *             
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          T    200.00 +       *           *              * *             
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Excavation, MHA = 0.42 g, deeper failure plane
                              ** PCSTABL6 **

                                    by
                             Purdue University

                                modified by
                             Peter J. Bosscher
                      University of Wisconsin-Madison

                       --Slope Stability Analysis--
                    Simplified Janbu, Simplified Bishop
                       or Spencer`s Method of Slices

          PROBLEM DESCRIPTION   South Side Excavation - 10 ft surface so
                                il - MHA = 0.42 g                       

          BOUNDARY COORDINATES

             10 Top   Boundaries
             16 Total Boundaries

          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd

              1          0.00      29.00      85.00      28.00        4
              2         85.00      28.00      90.00      23.00        4
              3         90.00      23.00     100.00      23.00        4
              4        100.00      23.00     112.00      50.00        4
              5        112.00      50.00     127.00      82.00        3
              6        127.00      82.00     132.00      92.00        1
              7        132.00      92.00     135.00      98.00        1
              8        135.00      98.00     160.00      98.00        1
              9        160.00      98.00     181.00      92.00        1
             10        181.00      92.00     200.00      92.00        2
             11        130.00      87.00     147.00      87.00        3
             12        147.00      87.00     153.00      92.00        2
             13        153.00      92.00     181.00      92.00        2
             14        147.00      87.00     200.00      87.00        3
             15        112.00      50.00     200.00      50.00        4
             16          0.00      20.00     200.00      20.00        5

         ISOTROPIC SOIL PARAMETERS

           5 Type(s) of Soil
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Excavation, MHA = 0.42 g, deeper failure plane
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez.
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No.

            1   125.0    125.0     300.0     35.0    0.00       0.0      0
            2   120.0    120.0       0.0     35.0    0.00       0.0      0
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0

          A Horizontal Earthquake Loading Coefficient
          Of0.420 Has Been Assigned

          A Vertical Earthquake Loading Coefficient
          Of0.000 Has Been Assigned

          Cavitation Pressure =    0.0 psf

          A Critical Failure Surface Searching Method, Using A Random 
          Technique For Generating Circular Surfaces, Has Been Specified.

          250 Trial Surfaces Have Been Generated.

           25 Surfaces Initiate From Each Of 10 Points Equally Spaced
          Along The Ground Surface Between  X = 100.00 ft.
                                       and  X = 120.00 ft.

          Each Surface Terminates Between   X = 130.00 ft.
                                      and   X = 195.00 ft.

          Unless Further Limitations Were Imposed, The Minimum Elevation
          At Which A Surface Extends Is  Y = 15.00 ft.

          10.00 ft. Line Segments Define Each Trial Failure Surface.

          Following Are Displayed The Ten Most Critical Of The Trial
          Failure Surfaces Examined.  They Are Ordered - Most Critical
          First.

          * * Safety Factors Are Calculated By The Modified Bishop Method * *

          Failure Surface Specified By  9 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        111.11       48.00
              2        119.12       53.99
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Excavation, MHA = 0.42 g, deeper failure plane
              3        126.93       60.23
              4        134.55       66.72
              5        141.95       73.44
              6        149.14       80.39
              7        156.10       87.57
              8        162.83       94.96
              9        164.36       96.75

          Circle Center At X =  -74.1 ; Y =  303.9  and Radius,  315.9

                ***     1.205   ***

          Failure Surface Specified By  9 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        111.11       48.00
              2        119.37       53.64
              3        127.33       59.70
              4        134.95       66.17
              5        142.23       73.02
              6        149.14       80.25
              7        155.67       87.83
              8        161.79       95.74
              9        162.80       97.20

          Circle Center At X =    7.4 ; Y =  208.9  and Radius,  191.4

                ***     1.209   ***

          Failure Surface Specified By  9 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        111.11       48.00
              2        119.99       52.60
              3        128.63       57.63
              4        137.01       63.09
              5        145.12       68.95
              6        152.92       75.20
              7        160.40       81.83
              8        167.55       88.83
              9        172.68       94.38

          Circle Center At X =   22.6 ; Y =  229.8  and Radius,  202.3

                ***     1.214   ***

          Failure Surface Specified By  8 Coordinate Points
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Excavation, MHA = 0.42 g, deeper failure plane

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        113.33       52.85
              2        121.15       59.08
              3        128.96       65.33
              4        136.75       71.60
              5        144.53       77.88
              6        152.30       84.18
              7        160.05       90.50
              8        166.83       96.05

          Circle Center At X = ****** ; Y = 3860.7  and Radius, 4866.6

                ***     1.218   ***

          Failure Surface Specified By  8 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        113.33       52.85
              2        122.21       57.45
              3        130.62       62.86
              4        138.50       69.01
              5        145.78       75.87
              6        152.40       83.37
              7        158.30       91.44
              8        161.90       97.46

          Circle Center At X =   67.8 ; Y =  151.3  and Radius,  108.5

                ***     1.220   ***

          Failure Surface Specified By  9 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        113.33       52.85
              2        122.01       57.82
              3        130.53       63.05
              4        138.89       68.53
              5        147.09       74.27
              6        155.10       80.25
              7        162.93       86.47
              8        170.56       92.93
              9        172.30       94.49

          Circle Center At X =  -46.4 ; Y =  341.8  and Radius,  330.2

                ***     1.221   ***
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Excavation, MHA = 0.42 g, deeper failure plane

          Failure Surface Specified By  8 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        113.33       52.85
              2        121.76       58.24
              3        129.72       64.28
              4        137.18       70.94
              5        144.09       78.17
              6        150.40       85.93
              7        156.08       94.16
              8        158.30       98.00

          Circle Center At X =   49.8 ; Y =  161.4  and Radius,  125.8

                ***     1.230   ***

          Failure Surface Specified By 10 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        108.89       43.00
              2        116.81       49.11
              3        124.71       55.24
              4        132.60       61.39
              5        140.47       67.55
              6        148.33       73.74
              7        156.17       79.94
              8        164.00       86.16
              9        171.82       92.40
             10        173.86       94.04

          Circle Center At X = ****** ; Y = 3390.8  and Radius, 4224.9

                ***     1.236   ***

          Failure Surface Specified By 13 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        100.00       23.00
              2        108.48       28.30
              3        116.84       33.78
              4        125.08       39.46
              5        133.19       45.31
              6        141.16       51.34
              7        149.00       57.55
              8        156.70       63.94
              9        164.25       70.49
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Excavation, MHA = 0.42 g, deeper failure plane
             10        171.66       77.21
             11        178.91       84.09
             12        186.01       91.14
             13        186.84       92.00

          Circle Center At X = -133.1 ; Y =  405.6  and Radius,  448.0

                ***     1.241   ***

          Failure Surface Specified By 11 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        102.22       28.00
              2        109.97       34.33
              3        117.68       40.70
              4        125.35       47.11
              5        133.00       53.55
              6        140.61       60.04
              7        148.18       66.57
              8        155.72       73.14
              9        163.23       79.74
             10        170.71       86.39
             11        177.93       92.88

          Circle Center At X = ****** ; Y = 1523.9  and Radius, 1928.0

                ***     1.250   ***

                     Y            A     X     I     S            F     T

                     0.00     25.00     50.00     75.00    100.00    125.00

          X      0.00 +-------*-+-*-------+---------+---------+---------+
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                25.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          A     50.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          X     75.00 +                                                  
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Excavation, MHA = 0.42 g, deeper failure plane
                      -                                                  
                      -          *                                       
                      -                                                  
                      -        *                                         
                      -                                                  
          I    100.00 +        *                                         
                      -          0..                                     
                      -       ...9. 0. 8                                 
                      -         ....... .1*4                             
                      -           ..9.0...8 .. .                         
                      -       .............2154 ..                       
          S    125.00 +           ....9..0..8.1.... .  *                 
                      -        ..............3254..... . *               
                      -         ........9..0...821 .. .... * *           
                      -         ...............3.654..... ....           
                      -          ... ......9..0 .8.1..........           
                      -            ...............3.54...*. ..           
               150.00 +          ............9...0.8..1.7.....           
                      -              ..............03.6541 *7.           
                      -            .............9......3..45.*           
                      -               ............9...0 86..11           
                      -              .....................3.4.           
                      -                  ............9...0.63            
          F    175.00 +                 ....................8            
                      -                    .............9..*             
                      -                     ................             
                      -                        ...........99             
                      -                           ..........             
                      -                                 ....             
          T    200.00 +       *           *              * *             
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Excavation, MHA = 0.42 g, shallow failure plane
                              ** PCSTABL6 **

                                    by
                             Purdue University

                                modified by
                             Peter J. Bosscher
                      University of Wisconsin-Madison

                       --Slope Stability Analysis--
                    Simplified Janbu, Simplified Bishop
                       or Spencer`s Method of Slices

          PROBLEM DESCRIPTION   South Side Excavation - 10 ft surface so
                                il - MHA = 0.42 g                       

          BOUNDARY COORDINATES

             10 Top   Boundaries
             16 Total Boundaries

          Boundary     X-Left     Y-Left    X-Right    Y-Right    Soil Type
             No.        (ft)       (ft)       (ft)       (ft)     Below Bnd

              1          0.00      29.00      85.00      28.00        4
              2         85.00      28.00      90.00      23.00        4
              3         90.00      23.00     100.00      23.00        4
              4        100.00      23.00     112.00      50.00        4
              5        112.00      50.00     127.00      82.00        3
              6        127.00      82.00     132.00      92.00        1
              7        132.00      92.00     135.00      98.00        1
              8        135.00      98.00     160.00      98.00        1
              9        160.00      98.00     181.00      92.00        1
             10        181.00      92.00     200.00      92.00        2
             11        130.00      87.00     147.00      87.00        3
             12        147.00      87.00     153.00      92.00        2
             13        153.00      92.00     181.00      92.00        2
             14        147.00      87.00     200.00      87.00        3
             15        112.00      50.00     200.00      50.00        4
             16          0.00      20.00     200.00      20.00        5

         ISOTROPIC SOIL PARAMETERS

           5 Type(s) of Soil

Page 1



Excavation, MHA = 0.42 g, shallow failure plane
          Soil  Total  Saturated  Cohesion Friction   Pore   Pressure   Piez.
          Type Unit Wt. Unit Wt. Intercept   Angle  Pressure Constant Surface
           No.  (pcf)    (pcf)     (psf)     (deg)   Param.    (psf)    No.

            1   125.0    125.0     300.0     35.0    0.00       0.0      0
            2   120.0    120.0       0.0     35.0    0.00       0.0      0
            3   120.0    120.0    1440.0     35.0    0.00       0.0      0
            4   120.0    120.0    2880.0     35.0    0.00       0.0      0
            5   120.0    120.0    4320.0     35.0    0.00       0.0      0

          A Horizontal Earthquake Loading Coefficient
          Of0.420 Has Been Assigned

          A Vertical Earthquake Loading Coefficient
          Of0.000 Has Been Assigned

          Cavitation Pressure =    0.0 psf

          A Critical Failure Surface Searching Method, Using A Random 
          Technique For Generating Circular Surfaces, Has Been Specified.

          250 Trial Surfaces Have Been Generated.

           25 Surfaces Initiate From Each Of 10 Points Equally Spaced
          Along The Ground Surface Between  X = 125.00 ft.
                                       and  X = 130.00 ft.

          Each Surface Terminates Between   X = 142.00 ft.
                                      and   X = 150.00 ft.

          Unless Further Limitations Were Imposed, The Minimum Elevation
          At Which A Surface Extends Is  Y = 15.00 ft.

          10.00 ft. Line Segments Define Each Trial Failure Surface.

          Following Are Displayed The Ten Most Critical Of The Trial
          Failure Surfaces Examined.  They Are Ordered - Most Critical
          First.

          * * Safety Factors Are Calculated By The Modified Bishop Method * *

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        137.75       92.45
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Excavation, MHA = 0.42 g, shallow failure plane
              3        142.55       98.00

          Circle Center At X =  115.7 ; Y =  116.4  and Radius,   32.5

                ***     1.297   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        137.81       92.37
              3        142.10       98.00

          Circle Center At X =  120.1 ; Y =  110.3  and Radius,   25.2

                ***     1.306   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        138.25       91.64
              3        143.17       98.00

          Circle Center At X =  123.8 ; Y =  108.0  and Radius,   21.8

                ***     1.323   ***

          Failure Surface Specified By  4 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        138.58       90.96
              3        147.05       96.28
              4        149.09       98.00

          Circle Center At X =  105.1 ; Y =  153.8  and Radius,   71.2

                ***     1.324   ***

          Failure Surface Specified By  3 Coordinate Points
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Excavation, MHA = 0.42 g, shallow failure plane

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        137.36       93.00
              3        142.86       98.00

          Circle Center At X =   67.7 ; Y =  175.1  and Radius,  107.7

                ***     1.324   ***

          Failure Surface Specified By  4 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        138.69       90.70
              3        146.10       97.42
              4        146.41       98.00

          Circle Center At X =  123.1 ; Y =  115.3  and Radius,   29.1

                ***     1.334   ***

          Failure Surface Specified By  4 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        129.44       86.89
              2        138.69       90.71
              3        145.89       97.65
              4        146.05       98.00

          Circle Center At X =  124.0 ; Y =  113.2  and Radius,   26.8

                ***     1.341   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        128.89       85.78
              2        136.98       91.65
              3        144.56       98.00

          Circle Center At X =   49.5 ; Y =  203.8  and Radius,  142.3
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Excavation, MHA = 0.42 g, shallow failure plane

                ***     1.344   ***

          Failure Surface Specified By  3 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        128.89       85.78
              2        137.01       91.61
              3        144.66       98.00

          Circle Center At X =   52.7 ; Y =  200.4  and Radius,  137.6

                ***     1.344   ***

          Failure Surface Specified By  4 Coordinate Points

            Point      X-Surf      Y-Surf
             No.        (ft)        (ft)

              1        128.89       85.78
              2        137.03       91.58
              3        144.99       97.64
              4        145.43       98.00

          Circle Center At X =  -51.8 ; Y =  347.8  and Radius,  318.3

                ***     1.347   ***

                     Y            A     X     I     S            F     T

                     0.00     25.00     50.00     75.00    100.00    125.00

          X      0.00 +-------*-+-*-------+---------+---------+---------+
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                25.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          A     50.00 +                                                  
                      -                                                  
                      -                                                  
                      -                                                  
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Excavation, MHA = 0.42 g, shallow failure plane
                      -                                                  
                      -                                                  
          X     75.00 +                                                  
                      -                                                  
                      -          *                                       
                      -                                                  
                      -        *                                         
                      -                                                  
          I    100.00 +        *                                         
                      -                                                  
                      -                                                  
                      -                   *                              
                      -                                                  
                      -                                                  
          S    125.00 +                              ..*                 
                      -                                .8*               
                      -                              ......* *           
                      -                               ....41.            
                      -                                ......1           
                      -                                 .*...4           
               150.00 +                                   ...4           
                      -                                    *             
                      -                                      *           
                      -                                                  
                      -                                                  
                      -                                                  
          F    175.00 +                                                  
                      -                                    *             
                      -                                                  
                      -                                                  
                      -                                                  
                      -                                                  
          T    200.00 +       *           *              * *             

Page 6



















































 optimizing environmental resources - water; air; earth 

CALCULATION SUMMARY SHEET Page 1 of 9 

PROJECT NUMBER: 143418  
PROJECT NAME: USEN – Trench 13 Design  
DATE: December 3, 2014  
CALCULATION NUMBER: C.03 Revision:    
 
CALCULATION TITLE:  LCRS Infiltration Rates 
 
DESCRIPTION OF CALCULATION:  LCRS Infiltration Rates 
Determine infiltration rates into the Trench 13 Leachate Collection/Recovery System (LCRS)  
  
  
 
REFERENCES USED: 
 1.  Floor and Sidewall Design Plan  
 2.  NOAA Atlas 14, Version 5, Amargosa Farms Garey Station ID: 26-0150  
 3.  USEPA HELP Model  
 4.  Calculation of Bubbling Pressure and Pore Size Distribution Index.  
   
 
REVIEW COMMENTS: 
  
  
.  
  

CALCULATION MADE BY: CWK DATE: 12/03/14 

CALCULATION CHECKED BY: CAB DATE: 12/17/14 

CALCULATION REVISED BY: CWK DATE: 02/06/15 

CALCULATION REVIEWED BY: SLW DATE: 03/05/15 

 



LCRS Infiltration Rates Prepared by:  CWK   Date:  12/03/14 
Calculation C.03 Checked by:  CAB   Date:  12/17/14 

Page 2 of 9 

 

Purpose of Calculation 

Determine infiltration rates through the operations layer into the Trench 13 Leachate 
Collection and Recovery System (LCRS) that has the potential to flow in the LCRS 
geocomposite layer and to the LCRS sump(s).  Flow in the geocomposite and transport 
to the sumps will be evaluated in a separate calculation 

Method 

• Leachate:  Assumed that after the first waste is placed all leachate collected inside 
Trench 13 must be managed as leachate.   

• It is expected that the sidewall liner design likely will include an upper (sacrificial) 
HDPE (or other impermeable) layer whose function will be to protect the liner 
components from direct exposure to solar UV radiation (and potential material 
deterioration from long-term UV exposure) and possibly to reduce the temperature 
change range in liner materials.  That HDPE layer also will prevent direct entry of 
precipitation into the leachate collection member (geonet) of the liner system, 
instead routing all incident precipitation onto the cell floor. 

• Incident precipitation (falling on the cell floor and sidewalls) will infiltrate uniformly 
across the cell floor footprint into disposed waste or operations layer and (ultimately) 
to the LCRS or will be removed by evaporation (conservatively is assumed not to 
occur). 

• The design storm is the 25-year, 24-hr storm, which is 2.26 inches, based on NOAA 
Atlas 14, Volume 1, Version 5, Amargosa Farms Garey Station ID: 26-0150, refer to 
Reference 1 of this calculation for additional information. 

NOTE – precipitation that falls and collects within cell areas under construction (i.e., 
before waste placement) is not leachate, and can be managed by other means 
appropriate to stormwater management.  Management of such stormwater is not the 
subject of this calculation. 

Calculation Steps 

Precipitation 

1. The critical period (i.e., when the greatest flow is likely to occur) for sizing the 
leachate collection system immediately follows placement of the 30-inch thick layer 
of select waste (operations layers) over the entire bottom (floor footprint) of the cell.  
Infiltration likely will reach the LCRS (leachate collection component) most quickly 
(after precipitation) and with the least loss (i.e., moisture retention within waste) at 
this point (i.e., before more waste is placed and the thickness of “waste” exceeds 2.5 
feet).   
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Figure 1: Typical Base Liner System with Operations Layer 

 

 

2. Reference 2 shows the conceptual layout of the five phases and corresponding 
LCRS sumps of Trench 13.  The horizontal area (footprint) of the five phases 
provided in Table 1  

Infiltration into the LCRS 

1. No allowance is made for evaporation, so all precipitation infiltrates through the 
select waste (30 inch (2.5 feet) operations layer). 

2. Sandy soil is assumed to comprise the select soil layer.  In the Engineering 
Documentation for the USEPA HELP model, located in Reference 3, important 
properties of typical sandy soil types are provided.  As a conservative assumption, 
the most permeable of the sandy soil types is considered in this calculation.  Soil 
properties of the Operations Layer are provided in Table 2. 

3. It is necessary to determine if saturated or unsaturated flow conditions will control 
infiltration through the waste.  It is assumed that the soil layer contains, at most, 
sufficient moisture to be at field capacity (i.e. no gravity drainage occurs).  A unit 
volume (1 ft x 1 ft x 2.5 ft thick) of the SM soil layer (based on properties in Table 2 
and provided inReference 3) has available pore space of: 

2.5 cu ft x 7.48 gallons/cu ft X (0.473 – 0.222) = 4.69 gallons  

4. For Trench 13, Phase A and E, total precipitation, and total water available for 
infiltration, is 1.86 acre-feet (Table 1).  The rate at which the 1.86 acre-feet (i.e., 
2.26” over full 9.88 acre Phase A footprint) design storm saturates the 1 ft x 1 ft unit 
volume of soil on the 9.88 acre cell floor during a 24 hour period is: 

1.86 ac-ft  / 9.88 ac  X  7.48 gal/cu ft  X  1 day / 1440 min  = 9.78 x 10−4 gal/min  

for each 1 ft x 1 ft unit volume 
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If the design storm occurs when the soil layer already is near Field Capacity (i.e., 
maximum moisture content without drainage), what fraction of the remaining air-
filled porosity is filled by the design storm? 

Porosity, φ  =  0.473 or 47.3% of 30 inches = 14.19 inches 

FC =  0.222 or 22.2% of 30 inches = 6.66 inches 

Remaining air space before storm = 14.19 – 6.66 = 7.53 inches or 

0.473 - 0.222 = 25.1% (see Table 3) 

Design storm = 2.26 inches over the full 9.88 acres of Trench 13 - Phase A, which, 
when all precipitation falling on the 56,358 sq ft (1.29 ac) of the Phase A side 
slopes is routed to the cell floor, is equivalent to 2.60 inches of precipitation on just 
the 374,012 sq. ft. (8.59 ac) of cell floor.  That is 2.26 inches falling directly on the 
cell floor and an additional 0.34 inches running off the side slopes to become 
evenly distributed over the cell floor.  As 2.60 inches is less than 7.53 inches 
(Table 4), the design storm does not fully saturate the unit volume of select waste.  
The combination of field capacity and design storm moisture results in the following 
water-filled geometry in a 2.5 cubic feet volume of cell floor ‘waste’ as shown in 
Table 5: 

6.66 inches + 2.60 inches = 9.26 inches 

As 100% of field capacity in the 2.5 cubic feet of cell floor waste is 14.19 inches 

9.26 inches / 14.19 inches = 65% of available air space. 

Assuming that drainage does not begin during the design storm, 65% of the total 
air space is saturated following the storm.  Since 65% is less than 100%, 
unsaturated flow controls drainage from the unit volume of soil (1 ft x 1 ft x 2.5 ft 
thick select waste layer) following the design storm.   

Tables for the soil properties, area calculations, and volumetric moisture content 
are provided at the end of this calculation. 

Laminar flow through a porous medium is estimated by d’Arcy’s Law, or  

Q  =  KiA 

Where, 
Q = flow (typical unit is cu ft / min 
K = hydraulic conductivity (typical unit is ft / min) 
i = gradient (feet / feet or unit-less) 
A = area through which flow occurs (square feet) 
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for unsaturated flow, unsaturated hydraulic conductivity (Ku) replaces K 

5. For the unsaturated flow through the select waste layer, 

K  =  5.2 x 10-4 cm/sec or 1.02 x 10-3 ft / min 
i = 2.5 ft / 2.5 ft = 1.0 
A = 1 sq ft 

6. Unsaturated hydraulic conductivity is estimated by Campbell’s equation 
(Reference 3) and is presented in Table 6 as: 

Ku = Ks [(θ – θr) / ( φ – θr)] [̂3 + (2 / λ)] 

Where: 
Ku = unsaturated hydraulic conductivity, cm/sec 
Ks = saturated hydraulic conductivity, cm/sec 
θ = actual volumetric water content, vol/vol 
θr = residual volumetric water content, vol/vol 
φ = total porosity, vol/vol 
λ = pore-size distribution index, dimensionless 

7. The residual water content, θr, is the amount of water remaining in the soil pores 
under infinite capillary suction.  Residual water content is estimated by Rawls (Help 
documentation) as follows. 

θr = 0.014 + 0.25 X Wilting Point, where WP ≥ 0.04 

In this case, WP = 0.104 and is ≥ 0.04 and the equation is applicable.  The residual water 
content is: 

θr = 0.014 + 0.25 X 0.104 = 0.040 

8. As discussed in the HELP documentation (Reference 3), residual water content and 
pore-size distribution index, λ, are constants in the Brooks-Corey equation relating 
volumetric water content to matrix potential (capillary pressure and adsorptive 
forces). 

(θ − θr) / (φ − θr) = (𝜑𝜑𝑏𝑏/ ψ)∗∗λ 

9. This equation is solved assuming that the volumetric water content is the field 
capacity at 0.33 bars of capillary suction, ψ, and equal to the wilting point at 15 bars 
capillary suction, ψb.  Solving the two equation for the values assumed for the site 
soil provides the following results. 

Constants Variables 
θr = 0.040 Field capacity = 0.222 @ ψ = 0.33 
φ = 0.473 Wilting point = 0.104 @ ψ = 15 
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Two equations in two unknowns solved in Reference 4, results are: 

Bubbling Pressure (𝜑𝜑𝑏𝑏)= 0.013 

Pore Size Distribution Index (λ) = 0.270 

10. Assuming drainage does not start during the design storm, the volumetric water 
content (Table 6) in a unit volume (1 cubic foot) of ‘select water’ following the storm 
is: 

θ = Field Capacity + 2.60 inch / 30 inch = 0.222 + (2.60 inch / 30 inch) 

θ = 0.222 + 0.087 

= 0.309 

11.  Based on the preceding, the unsaturated hydraulic conductivity is calculated as 
follows using Campbell’s equation (Table 6). 

Ku = Ks [(θ – θr) /( φ – θr)] [̂3 + (2 / 0.27)] 

Ku = 1.02 x 10-3 ft/min * [(0.309–0.040) / (0.473–0.040)] [̂3 + (2 / 0.27)] 

= 7.13 x 10-6 ft/min 

12. Conservatively using a unit hydraulic gradient (i = 1.0) and assuming no evaporation, 
the rate at which infiltration drains through and from the 2.5 feet thick select soil 
layer into the LCRS per unit area (1 sq ft) is: 

Q = Ku * i * A 

Q = (7.13 x 10-6 ft / min)(1.0)(1.0 sq ft) 

= 7.13 x 10-6 cu ft / min per square foot area  

= 5.34 x 10-5 gal/ min per square foot area 

Drainage over the entire 9.88 acre area of the Phase A floor is: 

Q = (5.34 gal x 10-5 gal / sq ft – min) X 9.88 acre X 43,560 sq ft / acre 

Q = 22.96 gallons per minute as shown in Table 6. 

The calculation was repeated for Phases B, C, and D, each of which includes less 
sideslope area, as shown in Tables below.   
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Calculation Result 

When the 2.5-feet thick select waste layer has been placed and before placement of 
any additional waste, and the new Phase of Trench 13 is subject to the 2.26-inch design 
storm, infiltration into the LCRS drainage geocomposite occurs under unsaturated 
conditions and results in the following flow. 

Phase Infiltration 
(ft3/min-𝒇𝒇𝒇𝒇𝟐𝟐) 

Infiltration 
(gal/min-𝒇𝒇𝒇𝒇𝟐𝟐) 

Infiltration 
(gal/min/phase) 

A & E 7.13E-06 5.34E-05 23.0 
B, C, & D 5.58E-06 4.17E-05 16. 7 
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Calculation Tables: 

Table 1  Trench 13 Phase Areas and Design Precipitation 

Phases 
Floor Area 

(sq ft) 

Sidewall 
Area| 
(sq ft) 

Total Area 
(sq. ft.) 

Total Area 
(acres) 

Design 
Precipitation* 

(acre-feet) 
Western most 
and Eastern most 
Phases 

A & E 374,012 56,358 430,370 9.88 1.86 

Internal Phases B, C, & D 374,012 25,274 399,286 9.17 1.73 
* = Design Precipitation = Area (acres) x (2.26 in/12 in per ft) 

Note:  “sidewall area” is measured in the horizontal plane, representing the area ‘collecting’ vertically 
falling precipitation. 

 

Table 2: Soil Properties of Operations Layer 

 

 

Table 3: Porosity and Field Capacity 
Porosity 14.2 inches 

Field capacity 6.66 inches 
Remaining air space 7.53 inches 

 

Operations layer thickness 30 inches
Operations layer thickness 2.5 feet
Soil type (Unified Soil Classification System) SM
Hydraulic conductivity - saturated (Ks) 5.20E-04 cm/sec
Hydraulic conductivity - saturated (Ks) 1.02E-03 ft/min
Porosity (φ) 0.473
Field capacity 0.222
Wilting point 0.104
Capilary pressure (Ψ) 0.33 bars
Bubbling pressure (Ψb) 0.013 bars
Pore size distribution index (λ) 0.27 dimensionless

Operations layer unit width 1 ft
Operations layer unit length 1 ft
Operations layer unit depth 2.5 ft
Operations layer unit volume 2.5 ft3
Operations layer unit volume 18.7 gallons
Water holding capacity 0.251 percent
Operations layer pore space 4.69 gallons
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Table 4: Precipitation distribution  

 

 

Table 5: Volumetric Water Content 

 

 

Table 6: Hydraulic Conductivity and Flow to the LCRS Drainage Layer 

 

Phases Phase A and E Phase B, C, 
and D

Precipitation on sidewalls 10,614 4,760 ft3
Precipitation from sidewalls distrubuted on floor 0.028 0.0127 ft
Precipitation from sidewalls distrubuted on floor 0.34 0.15 inch
Total precipiation on floor (25 yr 24 hour storm) 2.60 2.41 inch
Rate of Phase floor saturation 9.78E-04 9.78E-04 gal/min
Amount of unit depth occupied by moisture 
following 25 yr 24 hour event 9.26 9.07 inches

Phases Phase A and E Phase B, C, 
and D

Moisture-occupied space following 25 yr 24 hr storm event 0.65 0.64
Available pore space following 25 yr 24 hour event 0.35 0.36
Volumetric water content (after storm, assuming drainage 
does not start) (θ) 0.309 0.302

Phases Phase A and E Phase B, C, 
and D

Residual water content (θr) 0.040 0.040
3.62E-06 2.84E-06 cm/sec

Hydraulic conductivity using Campbell's Eqn. (Ku) 7.13E-06 5.58E-06 ft/min

Values below are for a 1x1 sq. ft. section of geocomposite
Unsaturated flow through operations layer into LCRS 7.13E-06 5.58E-06 ft3/min-ft2
Unsaturated flow through operations layer into LCRS 5.34E-05 4.17E-05 gal/min-ft2
Drainage into the LCRS from phase floor 23.0 16.7 gal/min
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McEnroe, Bruce M., Sjostrom, John W., Peyton, R. Lee.  US Army Corp of 
Engineers. 

Reference 4:  Calculation of Bubbling Pressure and Pore Size Distribution Index. 
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NOAA Atlas 14, Volume 1, Version 5 
AMARGOSA FARMS GAREY

Station ID: 26-0150 
Location name: Amargosa Valley, Nevada, US* 

Latitude: 36.5717°, Longitude: -116.4619° 
Elevation: 

Elevation (station metadata): 2450 ft* 
* source: Google Maps

POINT PRECIPITATION FREQUENCY ESTIMATES

Sanja Perica, Sarah Dietz, Sarah Heim, Lillian Hiner, Kazungu Maitaria, Deborah Martin, Sandra 
Pavlovic, Ishani Roy, Carl Trypaluk, Dale Unruh, Fenglin Yan, Michael Yekta, Tan Zhao, Geoffrey 

Bonnin, Daniel Brewer, Li-Chuan Chen, Tye Parzybok, John Yarchoan

NOAA, National Weather Service, Silver Spring, Maryland

PF_tabular | PF_graphical | Maps_&_aerials

PF tabular
PDS-based point precipitation frequency estimates with 90% confidence intervals (in inches)1

Duration
Average recurrence interval (years)

1 2 5 10 25 50 100 200 500 1000

5-min 0.108
(0.072-0.109)

0.140
(0.097-0.147)

0.196
(0.148-0.223)

0.244
(0.190-0.289)

0.319
(0.257-0.396)

0.384
(0.312-0.490)

0.459
(0.376-0.606)

0.543
(0.446-0.746)

0.677
(0.557-0.976)

0.795
(0.653-1.20)

10-min 0.165
(0.109-0.166)

0.213
(0.148-0.224)

0.298
(0.225-0.339)

0.372
(0.288-0.439)

0.485
(0.391-0.602)

0.584
(0.474-0.746)

0.699
(0.572-0.923)

0.827
(0.679-1.14)

1.03
(0.848-1.49)

1.21
(0.995-1.82)

15-min 0.205
(0.136-0.206)

0.265
(0.183-0.277)

0.370
(0.279-0.421)

0.461
(0.358-0.545)

0.602
(0.484-0.746)

0.724
(0.588-0.925)

0.866
(0.709-1.14)

1.03
(0.841-1.41)

1.28
(1.05-1.84)

1.50
(1.23-2.26)

30-min 0.276
(0.183-0.278)

0.356
(0.246-0.373)

0.498
(0.376-0.566)

0.621
(0.482-0.734)

0.810
(0.652-1.01)

0.974
(0.792-1.25)

1.17
(0.955-1.54)

1.38
(1.13-1.90)

1.72
(1.42-2.48)

2.02
(1.66-3.04)

60-min 0.341
(0.226-0.344)

0.441
(0.305-0.462)

0.616
(0.465-0.701)

0.768
(0.596-0.908)

1.00
(0.807-1.24)

1.21
(0.980-1.54)

1.44
(1.18-1.91)

1.71
(1.40-2.35)

2.13
(1.75-3.07)

2.50
(2.06-3.76)

2-hr 0.326
(0.275-0.396)

0.438
(0.370-0.538)

0.657
(0.545-0.801)

0.843
(0.694-1.04)

1.15
(0.924-1.41)

1.42
(1.13-1.73)

1.73
(1.36-2.15)

2.11
(1.61-2.63)

2.71
(2.01-3.41)

3.25
(2.34-4.14)

3-hr 0.375
(0.314-0.446)

0.503
(0.426-0.605)

0.728
(0.617-0.881)

0.923
(0.774-1.11)

1.24
(1.02-1.49)

1.51
(1.22-1.82)

1.83
(1.46-2.22)

2.20
(1.73-2.70)

2.80
(2.13-3.49)

3.35
(2.48-4.21)

6-hr 0.469
(0.399-0.558)

0.628
(0.540-0.746)

0.910
(0.778-1.08)

1.15
(0.970-1.35)

1.49
(1.25-1.76)

1.79
(1.48-2.11)

2.14
(1.74-2.54)

2.53
(2.02-3.03)

3.16
(2.47-3.82)

3.72
(2.85-4.55)

12-hr 0.591
(0.502-0.678)

0.785
(0.677-0.917)

1.15
(0.987-1.33)

1.43
(1.23-1.66)

1.84
(1.57-2.13)

2.17
(1.83-2.52)

2.54
(2.12-2.96)

2.94
(2.41-3.45)

3.52
(2.83-4.17)

4.07
(3.23-4.89)

24-hr 0.694
(0.580-0.836)

0.944
(0.787-1.12)

1.39
(1.15-1.66)

1.75
(1.43-2.08)

2.26
(1.83-2.68)

2.68
(2.15-3.17)

3.13
(2.48-3.74)

3.63
(2.82-4.34)

4.35
(3.29-5.24)

4.95
(3.66-6.02)

2-day 0.766
(0.647-0.914)

1.04
(0.877-1.23)

1.54
(1.30-1.82)

1.94
(1.62-2.28)

2.50
(2.07-2.90)

2.97
(2.42-3.45)

3.47
(2.79-4.05)

4.02
(3.14-4.74)

4.81
(3.65-5.77)

5.47
(4.05-6.68)

3-day 0.791
(0.670-0.943)

1.08
(0.909-1.27)

1.60
(1.35-1.88)

2.01
(1.69-2.36)

2.60
(2.15-3.02)

3.09
(2.52-3.59)

3.63
(2.90-4.24)

4.21
(3.29-4.98)

5.06
(3.84-6.09)

5.76
(4.27-7.05)

4-day 0.816
(0.694-0.973)

1.11
(0.941-1.31)

1.65
(1.40-1.93)

2.08
(1.75-2.43)

2.70
(2.24-3.14)

3.22
(2.62-3.73)

3.79
(3.02-4.42)

4.40
(3.45-5.22)

5.30
(4.03-6.40)

6.06
(4.48-7.43)

7-day 0.887
(0.750-1.05)

1.21
(1.03-1.44)

1.83
(1.55-2.14)

2.31
(1.93-2.70)

2.99
(2.47-3.49)

3.56
(2.90-4.15)

4.17
(3.33-4.89)

4.84
(3.79-5.76)

5.80
(4.43-7.03)

6.60
(4.92-8.11)

10-day 0.965
(0.797-1.17)

1.32
(1.10-1.59)

1.99
(1.66-2.37)

2.51
(2.08-2.98)

3.25
(2.65-3.85)

3.86
(3.10-4.61)

4.52
(3.59-5.43)

5.24
(4.08-6.35)

6.27
(4.74-7.73)

7.13
(5.27-8.92)

20-day 1.15
(0.950-1.38)

1.57
(1.31-1.88)

2.35
(1.96-2.79)

2.95
(2.45-3.49)

3.79
(3.13-4.48)

4.48
(3.62-5.31)

5.21
(4.15-6.23)

6.00
(4.70-7.24)

7.11
(5.42-8.72)

8.02
(5.96-9.99)

30-day 1.32
(1.08-1.58)

1.81
(1.48-2.16)

2.72
(2.23-3.23)

3.41
(2.79-4.05)

4.39
(3.56-5.19)

5.17
(4.17-6.14)

6.00
(4.80-7.14)

6.89
(5.42-8.28)

8.14
(6.27-9.95)

9.16
(6.93-11.3)

45-day 1.45
(1.18-1.75)

2.00
(1.63-2.41)

3.07
(2.51-3.67)

3.90
(3.18-4.65)

5.08
(4.08-6.04)

6.03
(4.83-7.20)

7.07
(5.59-8.49)

8.18
(6.38-9.93)

9.78
(7.42-12.1)

11.1
(8.26-13.8)

60-day 1.61
(1.30-1.97)

2.24
(1.81-2.74)

3.48
(2.82-4.20)

4.45
(3.59-5.34)

5.84
(4.65-6.98)

7.00
(5.54-8.39)

8.26
(6.47-9.98)

9.63
(7.42-11.7)

11.6
(8.69-14.3)

13.3
(9.75-16.6)

1 Precipitation frequency (PF) estimates in this table are based on frequency analysis of partial duration series (PDS).
Numbers in parenthesis are PF estimates at lower and upper bounds of the 90% confidence interval. The probability that precipitation frequency estimates (for a 
given duration and average recurrence interval) will be greater than the upper bound (or less than the lower bound) is 5%. Estimates at upper bounds are not 
checked against probable maximum precipitation (PMP) estimates and may be higher than currently valid PMP values.
Please refer to NOAA Atlas 14 document for more information.
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PURPOSE OF CALCULATION 

Determine the flow capacity of the Leachate Collections and Recovery System (LCRS) 
in each phase of Trench 13 once it has passed through the Operations Layer.  The 
system must be capable of adequately transmitting leachate through the geocomposite 
drainage layer and into the LCRS sump, preventing head on the LCRS Floor from 
exceeding one foot at any point outside the sump.  The LCRS sump entry and pump 
should of sufficient capacity to handle the incoming leachate and remove it from the 
system without backups onto the LCRS Floor exceeding one foot.  The pump in the 
LCRS Sump must be capable of preventing liquid head buildup in the LCRS sump 
greater than 1.0 foot. 

METHOD 

Task 1: The geocomposite drainage layer of the LCRS is evaluated and designed to 
manage flow from the design precipitation event. 

Task 2: The design of the LCRS sump entry is evaluated to determine if restrictions 
will result in backups of leachate on the liner. 

Task 3: The specifications for a pump, capable of recovering the flow from the sumps, 
are provided. 

INFILTRATION TO THE LCRS 

A 2.26-inch (25-yr, 24-hr) design storm occurring immediately following placement of 
the 30-inch operations layer over the entire floor area of Phases A through E1, and 
before placement of any additional waste, is the primary design factor for the LCRS 
drainage system.  The resulting infiltration into the LCRS drainage layer is based on 
unsaturated conditions and results in the following flows as determined in 
Calculation C.03 of the Trench 13 Engineering Design Report.  Results of 
Calculation C.03 are presented in the table below. 

Phase 

Phase 
Floor Area 

Phase 
Sidewall 

Area 
Phase 

Total Area 
Infiltration into the 

LCRS 
Infiltration into the 

LCRS 
(ft2) (ft2) (ft2) (gal/min/ft2) gal/min/phase 

A & E 374,012 56,358 430,370 5.34E-05 23.0 
B, C, & D 374,012 25,274 399,286 4.17E-05 16.7 

(Calculation C.03 - LCRS Infiltration Rates Calculation) 

                                                           
1  Considering the entire floor area (including all sidewall slopes) for each of the five phases of Trench 

13 development is a conservative assumption as it is likely that the combination of trench phase 
construction and waste placement operations will not result in the full floor area of any of the phases 
being covered with only the 30 inch select waste layer at any given time.  More likely will be situations 
where only a fraction of the floor areas is in this condition, either because the full floor area has not 
been constructed or because additional waste material will have been placed above the select waste 
over portions of the floor area. 
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Task 1:  Flow Capacity Through the LCRS Drainage Layer 

A single, continuous layer of double-sided geocomposite (300-mil, References 1a, 1b, 
and 1c) is used as the LCRS drainage layer to transmit leachate to the sump for 
collection and removal.  The trench floor layout is shown in Figure 1.  The components 
of the Trench 13 floor are shown in Figure 2.  Flow within in the LCRS is controlled by 
the minimum bottom slope of the landfill trench floor slope and the geometry of the 
LCRS sump entry.   

Figure 1  Trench 13 Phase Layout 

 

 

 

Figure 2  Typical Trench 13 Floor Components 

 

Phase E   Phase D         Phase C  Phase B         Phase A 
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Unit Flow and Hydraulic Conductivity Through the LCRS 

Geocomposites considered have a material transmissivity of 4.35 gal/min-ft2 (see 
References 1a, 1b, and 1c for typical double-sided geocomposites with – 8 oz/yd2 
geotextile and netting at 300 mil).  The relationship between transmissivity and flow is 
determined using d’Arcy’s Law. 

D’Arcy Flow = qult =KiA 

Where  K = hydraulic conductivity 
i   = gradient 
A = area 

Transmissivity = T = b*K where b is the thickness of the geocomposite.  Rearranging 
the transmissivity equation: 

K = 
b
T  

For a (1 ft) unit width of geocomposite: 

 A = 1 x b , therefore A = b    (b  in feet) 

qult = bi
b
T **  = T* i   or  qult = T*i 

Leachate flow lines (in the geocomposite member) from each phase intersect the phase 
centerline at 45̊, resulting in a normal slope of 2.8 percent toward the centerline.  Flow 
along the centerline, toward the Phase sump is at 2.0 percent.  The maximum in-plane 
(i.e., in the geocomposite) travel of any phase of Trench 13 is approximately 305 feet as 
illustrated in Figure 3.  Note – a leachate collector pipe runs along the centerline to the 
sump, so only flow in the LCRS, directly under the collector pipe, will flow at 2.0 percent.  
Thus evaluations of flow in the LCRS are based on a gradient of 2.8 percent. 
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Figure 3  Phase Floor Dimensions and Slopes 

 

Substituting the specified material transmissivity (4.35 gal/min) per foot of geocomposite 
width and the minimum bottom gradient of Trench 13 of 2.8 percent.   

qult = 4.35 gal/min * 0.028 ft/ft = 0.12 gal/min through 1 foot of unit width of 
geocomposite. 

Effective flow for the geosynthetic is calculated by considering several factors that 
reduce the ultimate flow capacity (rate) of the geocomposite, such as elastic 
deformation (FSIN), creep (FSCR), chemical clogging (FSCC), and biological clogging 
(FSBC) factors.  The following, from Koerner 2012, (Reference 2) is used for that 
calculation of the reduced flow capacity.  Because the geonet transmissivity test data 
from the manufacturer is for short duration testing, the effective flow equation using four 
reduction factors is applied.  Koerner recommends the use of average reduction values 
in the absence of additional information regarding geocomposite behavior. 

( )BCCCCRIN

ult
eff FSFSFSFS

qq
×××

=  

where: 

qallow = allowable flow rate under long term design conditions 
qreported = manufacturer short term test flow rate 
RFIN = reduction factor to flow caused by intrusion of adjacent geosynthetics into geonet 
RFCR = reduction factor to flow caused by geonet elastic deformation (creep) 
RFCC = reduction factor to flow caused by chemical precipitation clogging 
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RFBC = reduction factor to flow caused by biological clogging 

The creep reduction factor for long term application at the final design loading of about 
15,000 psf was selected as 1.19 based on literature test values (Reference 3: GSE, 
2007), so this value was used rather than the average range. 

• FSIN = 1.5 to 2.0,  use 1.75 
• FSCR = 1.19 
• FSCC = 1.5 to 2.0, use 1.75 
• FSBC = 1.5 to 2.0, use 1.75 

The table below shows the unit flow capacity for the LCRS drainage layer in the floor of 
Trench 13, based on the applicable transmissivity, hydraulic gradient, and reduction 
factors (RF).   

Flow Element Θ Θ i qult FSIN FSCR FSCC FSBC qeff qeff 
Units m2/s gal/min ft/ft gal/min/ft NA NA NA NA gal/min/ft gal/day/ft 

Floor LCRS Geocomposite 
– 300 mil with double layer 
of 8oz/yd geotextile 

9x10-4 
4.35 0.028 0.12 1.75 1.19 1.75 1.75 0.019 27 

Using the effective flow through the geocomposite to determine hydraulic conductivity 
yields the following: 

K = 
Ai
qeff , for unit area 

Where: A = unit width * b 
b = 300 mil (two-sided geocomposite) = 0.300 inch 
unit width = 1ft 
i = 0.028 ft/ft 

Area = 300mil/1000 mil/inch x (1ft/12 inch) x 1ft (unit width) = 0.025 ft2 

Hydraulic conductivity = qeff / A / i 

Hydraulic conductivity = min/6.3
028.0
1

025.0
1

1
13368.0

min
019.0 2

3

ft
ft

ft
ftgallon

ft
ft

gallons
=×××

−
 

Head Buildup in the LCRS 

Subject to the conservative assumption presented previously regarding the area of 
phase floor that would be covered with only Operations Layer (selected waste) at any 
given time, the peak leachate head on the primary liner system will occur after the 
minimum initial thickness of waste (30 inches of select waste) has been placed over the 
phase floor.   
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Using the maximum design infiltration of 23 gallons per minute for Phases A and E, or 
5.34E-05 gallons per minute per ft2 and the previously calculated effective flow rate of 
0.0132 gallons per minute per ft, a length of geocomposite, in the plane of flow and 
capable of transmitting the infiltrating leachate, can be determined: 

Length of LCRS Geocomposite =   =  = 356 feet 

Based on the calculation, the 300 mil double-sided geocomposite of the LCRS can 
handle the infiltration from a linear section of 356 feet.  Since the longest run in the 
Trench 13 design is 305 feet, backups of leachate are not expected. 

Task 2:  Flow Convergence at the Sump 

Need for Centerline and Laterals 

For the sump of each Phase to accommodate qeff without leachate ‘backing up’, the 
geocomposite cross section entering the LCRS sump perimeter must have a minimum 
capacity equivalent to the infiltration rate.  Without the centerline pipe, that infiltration 
rate would be 23.0 gallons/minute for Phase A and E and 16.7 gallons/minute for 
Phases B, C, and D, entering the sump and at an effective flow rate of 0.019 gallons per 
minute per foot.  The needed sump perimeter would be 1210 feet and 879 feet, 
respectively.  Since the sump perimeter is 204 feet, the centerline piping is necessary. 

With the centerline pipe, flow convergence at the sump comes from the portion of the 
LCRS drainage layer that does not flow to the centerline.  That portion is represented by 
shaded area on Figure 4.  This area flows into the LCRS and to the sump without 
intersecting the centerline.  That drainage area (as highlighted below) is 90,872 ft2 for 
Phase A and E, and 81,080 ft2 for Phase B, C, and D.  As determined below, these 
values correspond to infiltration rates of 4.84 gal/min/ft2 for Phase A and E and 3.36 
gal/min/ ft2 for Phase B, C, and D that do not enter the sump by way of the centerline 
piping. 
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Figure 4  Shaded Area Flows Directly to Sump 

 

Phases A and E 

min
84.4
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Note: Phase B, C, and D shown in figure 

Flow originating in the shaded areas does not intercept the centerline piping and enters 
the sump through the geocomposite cross section at the perimeter of the sump.  The 
minimum length of LCRS geocomposite needed at the entry to the LCRS sump (i.e., 
length of geocomposite cross-section needed to prevent flow backup) for Phases A and 
E is calculated as: 

 

The value is slightly less for Phases B, C, and D and is calculated as: 

 

The Trench 13 sumps in all phases have a perimeter of 204 feet, shown in Figure 5, at 
the grade break between 2% and 7.1% slope, therefore, lateral piping is required to 
drain the shaded areas in Phases A and E.   

To improve drainage lateral piping, as displayed in Figure 6, is recommended for all 
Phases, but, based on this calculation, only required for Phase A and E.  The lateral 
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pipes orientated east to west will be 145 feet in length, and pipes oriented north to south 
will be 218 feet in length to intercept flow and improve drainage to the sump. The pipe 
material, diameter, and perforations will be consistent with the specifications for the 
centerline pipe, as explained in the next section of this calculation. 

Figure 5 Typical Sump Plan 

 

 

Figure 6  Recommended Lateral Piping 
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Flow Capacity of Centerline and Lateral Piping  

The centerline pipe will be at 2% grade from north to south and must be capable of 
collecting and carrying flow from a 25-yr 24-hr precipitation event.  Manning’s equation 
for flow though a partially full pipe was used for determining flow depth, velocity, and 
effective discharge to the sump.  Bernoulli’s principle for orifice flow was used to 
determine the perforations needed to effectively collect flow from the primary 
geocomposite liner.  

The 25-yr, 24-hr design precipitation event will produce a maximum flow of 23 gallons 
per minute per phase (Calculation C.03).  This value will be used to effectively size the 
centerline pipe and lateral piping for effective transport of leachate from the LCRS to the 
sump. 

Manning’s equation for a full-flowing pipe will be used to determine maximum capacity 
of the centerline pipe and accompanying laterals.  

 

Where:  = discharge  
 = unit conversion factor: 1.49 for English units 

 = Manning’s roughness coefficient 

 = hydraulic radius:  

 = cross-sectional area of pipe 
 = wetted perimeter inside pipe 

 = friction (i.e. energy grade line) slope 

The full-flowing capacity of a 4-inch nominal inside diameter pipe: 

Manning’s n   0.011 assumed HDPE 
Slope   0.020 ft/ft 

Diameter Area Wetted 
Perimeter 

Hydraulic 
Radius Q Q 

(in) (ft^2) (ft) (ft) (ft^3/sec) (gpm) 
4 0.087 1.05 0.087 0.319 143 

Using Manning’s equations, a 4-inch diameter full-flowing pipe will adequately discharge 
the required capacity of 23.0 gallons per minute.  Manning’s equation was used again to 
determine velocity and maximum water depth in the centerline pipe and laterals.  The 
equation was used to evaluate a 4-inch pipe with a maximum flow of 23.0 gallons per 
minute, slope and roughness coefficient did not change.  
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Depth Depth Flow Wetted Hydraulic Velocity Flow 
    Area Perimeter Radius     

in ft ft^2 ft ft ft/sec gpm 
Y Y A Pw Rh V Q 

1.1 0.090 0.019 0.37 0.052 2.7 23 

At a maximum flow of 23.0 gallons per minute, a 4-inch diameter pipe will carry leachate 
at 2.7 feet per second from the LCRS geocomposite to the sump.  This value 
corresponds to 1.1 inches of leachate in the pipe.  

The centerline and lateral piping must be able to withstand the normal load imposed by 
the overlying waste.  USEN reports an average placed waste density of 96.3 lbs/ft3 
(pcf).  For conservatism in calculations, two waste densities were assumed; waste in the 
upper portion of the cell with a density of a 100 pcf, and waste in the lower portion of the 
cell that had been subjected to consolidation with a slightly higher density of 115 pcf.  
With an estimated maximum waste thickness in Trench 13 of 150 feet, the centerline 
leachate pipe must be able to withstand the combined waste load.  For this calculation, 
it is assumed that the upper 70 feet of waste are at the lower density and the lower 80 
feet of waste are at the higher density, producing a load of about 16,200 pound per 
square foot.  Leachate pipe specifications (LCRS Piping Network and Strength 
Calculation C.05) demonstrates that a 4-inch diameter smooth-wall perforated HDPE 
pipe is adequate for meeting the expected pipe stresses.   

The required flow per foot of centerline pipe is calculated from the maximum anticipated 
discharge and length of pipe.  A safety factor for estimating the maximum leachate flow, 
called the Peak Leachate Factor (PLF), typically ranges from 2 to 4 (Reference 4: 
Hettiarcatchi, et al., 2009).  The higher PLF is commonly associated with so called “wet” 
infiltration events, as would be classified with the 24 hour, 25 year peak storm.  
Therefore, the maximum PLF = 4 was used to size the leachate collection pipe 
perforations.  So the peak leachate flow becomes:  

 

The total minimum cross-sectional perforated area required to allow the leachate to 
enter the centerline pipe was calculated using the orifice equation.  For this pipe flow, 
the minimum orifice size can be computed from 

  and  

Where:  = discharge (ft3/sec) = 0.205 ft3/sec 
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 = coefficient of discharge assumed to be 0.8 for a circular perforation  
 = total cross-sectional area of orifice (ft2) 

 = gravity (acceleration) = 32.2   

 = head acting on the orifice assumed to be 12.0 inch = 1 ft 

Therefore:   

 = 0.032 ft2 or 4.6 in2 over the length of the centerline and later pipes. 

The centerline pipe, not including laterals, is 807 feet long.  The centerline pipe will 
need minimum perforation area of 0.0057 in2 per foot of pipe. 

The Bureau of Reclamation (Reference 5: 2009) recommends numerous perforations 
for low flow applications.  The perforation open area must be sized to prevent pipe 
failure under short –term (operations) and long-term (final waste configuration) 
conditions.  Calculation C.05 examined pipe strength and percent open area 
requirements.  To allow leachate to enter into the pipe, two lines of perforations at 45 
degrees below horizontal are planned.  The perforations will be 3/8” diameter with one 
hole per line per foot, for a total of 2 holes per lineal foot of centerline pipe.  This 
produces an open area of  

 

 

 

This significantly exceeds the minimum perforation requirement of 0.0057 in2, so is 
acceptable. 

Task 3:  Pump Size 

The LCRS pump sizing followed an approach similar to that used for the Trench 12 
design (TRC, 1996).  For Trench 13, the pump must be capable of lifting the leachate 
vertically approximately 80 feet (from elevation 2692 to elevation 2768).  An additional 
10 feet of stickup is needed to account for future final cover.  Head losses in the 
discharge line are expected to be minimal, in the Trench 12 calculation, the designers 
allowed for 5 feet of loss, as well as minor losses of 20 percent of the subtotaled loss 
(TRC, 1996).  (20% * (88+5), or approximately 19 feet.  Total estimated dynamic head 
(TDH) is therefore: 

TDH = 90 ft + 5 ft + 19 ft = 114 feet. 
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The recommended pump should be capable of providing 114 feet of dynamic head at a 
rate of 23 gallons per minute.  The Peak Leachate Factor was not used in the pump 
specification because it would lead to an unnecessary oversizing of the pump.  The 
pump could be upsized in the future if necessary.  

 

SUMMARY 

The LCRS calculation examined: 

• Flow capacity through the LCRS drainage layer 
• Flow convergence at the sump and need for centerline/lateral piping; and  
• Pump sizing requirements 

The calculation results are summarized below.  

Flow Capacity through the LCRS Drainage Layer.  A single, continuous layer of double-
sided geocomposite (300-mil) is sufficient to transmit leachate to the sump for collection 
and removal.  LCRS drainage material should be 300-mil geonet with two 8 oz/yd 
geotextiles; the geocomposite transmissivity should be 4.35 gallons per min-ft2.   

The maximum in-plane flow length of leachate in the LCRS geocomposite is 305 feet 
and is less than the allowable in-plane flow length of leachate of 356 ft.   

Flow Convergence at the Sump.  Centerline piping is required to prevent leachate head 
buildup on the liner.  Flow originating in areas that do not flow to the centerline piping 
will be conveyed by the geocomposite at the sump perimeter; however, lateral piping in 
these areas is recommended in this design to further reduce the potential for fluid 
buildup on the liner.   

A 4-inch diameter centerline pipe will need a minimum open perforation with an area of 
0.0057 in2 per foot of pipe to allow inflow of the leachate under peak flow conditions.  A 
perforation design of one 3/8-inch diameter hole per foot in two rows and each row 
located at 45 degrees below horizontal.  The pattern will provide 0.22 in2 of perforation 
and sufficient flow capacity.  The pipe strength of such a perforation pattern is examined 
in a separate calculation (Calculation C.05).   

Pump Size.  Based on the total riser length and anticipated head losses, the LCRS 
pump should be able to provide 114 feet of dynamic head at a rate of 23 gallons per 
minute.  The safety factor of 4 times the leachate flow was not applied to the pump 
specification because of the low likelihood of such pumping requirements. 
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300 mil Geocomposite

Geonet Component
 (1)

Property Test Method Minimum  Average Roll Value

Thickness, mil (mm) ASTM D5199 300 (7.6)

Geotextile Component
(1) 

 

Property  Test Method Minimum  Average Roll Value

Mass per Unit Area, oz. /sq. yd. (g/m2) ASTM D5261 6.0 (203) 8.0 (271) 10.0 (339) 

Grab Tensile Strength, lbs.(N) ASTM D4632 170 (757) 220 (979) 270 (1200) 

Grab Elongation, % ASTM D4632 50 50 50 

Trapezoidal Tear, lbs. (N) ASTM D4533 65 (289) 95 (423) 105 (467) 

CBR Puncture , lbs (N) ASTM D6241 435 (1935) 600 (2670) 725 (3230) 

Puncture, lbs. (N) ASTM D4833 90 (398) 120 (530) 165 (730) 

Permittivity(3), sec.-1 ASTM D4491 1.5 1.3 1.1 

Water Flow, (3) gpm./ ft2 (l/min/m2) ASTM D4491 110 (4479) 95 (3895) 80 (3280) 

AOS, U.S. Sieve max (mm)(3) ASTM D4751 70 (0.212) 80 (0.180) 100 (0.150) 

Geocomposite

Property Test Method Minimum  Average Roll Value 

Ply Adhesion, lbs./ in. (g/cm) ASTM D7005 1 (178) 1 (178) 1 (178) 

Transmissivity (2), m2/sec. (gal/min/ft) ASTM D4716 9 x 10
-4 (4.3) 9 x 10

-4 (4.3) 7 x 10
-4 (3.4)

SingleASTM D4716 3 x 10-3 (14.5)   3 x 10-3 (14.5) 2 x 10-3 (9.6)

Supply Information 

Standard Roll Length
(4) 

at Fabric Weight 6-oz 8-oz    10-oz 

Double Sided 160 150 140

Single Sided 180 180 170

Notes:    
(1) Component properties are prior to lamination
(2) Geonet & Geocomposite . Transmissivity at 21°C,  gradient of 0.1, load of 10,000psf, seat time 15 min. between steel  plates. 
(3) At time of manufacture. Handling may change  these  properties.
(4) All roll widths are 14.5 feet. All roll lengths and widths have a tolerance of ±1% 
(5) UV Resistance after 500 hours for the geotextile componet exhibits 70% strength retained via ASTM D4355

All information, recommendations and suggestions appearing in this literature concerning the use of our products are based upon tests and data believed to be 
reliable; however, it is the user’s responsibility to determine the suitability for their own use of the products described herein. Since the actual use by others is beyond 
our control,  no guarantee or warranty of any kind, expressed or implied, is made by Agru /America as to the effects of such use or the results to be obtained, nor does 
Agru /America assume any liability in connection herewith. Any statement made herein may not be absolutely complete since additional information may be necessary 
or desirable when particular or exceptional conditions or circumstances exist or because of applicable laws or government regulations. Nothing herein is to be 
construed as permission or as a recommendation to infringe any patent. 

500 Garrison Road, Georgetown, South Carolina 29440  (843) 546-0600       (800) 373-2478  Fax: (843) 527-2738 
email: salesmkg@agruamerica.com  www.agruamerica.com 

© Agru America, Inc. 8.14

Peak Tensile Strength MD, lbs./ in. (N/mm)    ASTM D5035/7179 75 (13.3)

Density, g/cm3 ASTM D792, Method B 0.94 

Carbon Black Content (%) ASTM D4218 2 - 3 

Transmissivity(2), m2/sec. (gal/min/ft) ASTM D4716 8 x 10-3 (38.6)

Double

Frequency
50,000 sf

Frequency
100,000 sf
100,000 sf
100,000 sf
100,000 sf
500,000 sf
100,000 sf
500,000 sf
500,000 sf
500,000 sf

Frequency
50,000 sf
500,000 sf

500,000 sf

50,000 sf
50,000 sf
50,000 sf
500,000 sf
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PRODUCT DATA SHEET

AT THE CORE:
A 300 mil thick GSE 

HyperNet geonet heat-

laminated on one or both 

sides with a nonwoven 

needlepunched geotextile.

GSE FabriNet 300 mil Geocomposite
GSE FabriNet 300 mil geocomposite consists of a 300 mil thick GSE HyperNet geonet 

heat-laminated on one or both sides with a GSE nonwoven needlepunched geotextile. 

The geotextile is available in mass per unit area range of 6 oz/yd2 to 16 oz/yd2. The 

geocomposite is designed and formulated to perform drainage function under a range of 

anticipated site loads, gradients and boundary conditions.

Product Specifications 	
Tested Property Test Method Frequency Minimum Average Roll Value(1)

Geocomposite 6 oz/yd2 8 oz/yd2 10 oz/yd2

Transmissivity(2), gal/min/ft (m2/sec)
Double-Sided Composite 
Single-Sided Composite

ASTM D 4716 1/540,000 ft2

4.3 (9 x 10-4)
14.5 (3 x 10-3)

4.3 (9 x 10-4)
14.5 (3 x 10-3)

3.4 (7 x 10-4)
9.6 (2 x 10-3)

Ply Adhesion, lb/in ASTM D 7005 1/50,000 ft2 1.0 1.0 1.0

Geonet Core (1,3) – GSE HyperNet

Geonet Core Thickness, mil ASTM D 5199 1/50,000 ft2 300 300 300

Transmissivity(2), gal/min/ft (m2/sec) ASTM D 4716 38.6 (8 x 10-3) 38.6 (8 x 10-3) 38.6 (8 x 10-3)

Density, g/cm3 ASTM D 1505 1/50,000 ft2 0.94 0.94 0.94

Tensile Strength (MD), lb/in ASTM D 7179 1/50,000 ft2 75 75 75

Carbon Black Content, % ASTM D 4218 1/50,000 ft2 2.0 2.0 2.0

Geotextile(1,3)

Mass per Unit Area, oz/yd2 ASTM D 5261 1/90,000 ft2 6 8 10

Grab Tensile Strength, lb ASTM D 4632 1/90,000 ft2 160 220 260

Grab Elongation ASTM D 4632 1/90,000 ft2 50% 50% 50%

CBR Puncture Strength, lb ASTM D 6241 1/540,000 ft2 435 575 725

Trapezoidal Tear Strength, lb ASTM D 4533 1/90,000 ft2 65 90 100

AOS, US sieve(1) (mm) ASTM D 4751 1/540,000 ft2 70 (0.212) 80 (0.180) 100 (0.150)

Permittivity, sec-1 ASTM D 4491 1/540,000 ft2 1.5 1.3 1.0

Water Flow Rate, gpm/ft2 ASTM D 4491 1/540,000 ft2 110 95 75

UV Resistance, % retained ASTM D 4355
(after 500 hours)

per formulation 70 70 70

NOMINAL ROLL DIMENSIONS(4)

Roll Width, ft 15 15 15

Roll Length, ft
Double-Sided Composite 
Single-Sided Composite

180
220

170 
220

160 
200

Roll Area, ft2 Double-Sided Composite 
Single-Sided Composite

2,700
3,300

2,550 
3,300

2,400
3,000

NOTES:

•	(1)All geotextile properties are minimum average roll values except AOS which is maximum average roll value and UV resistance is typical value. Geonet core

thickness is nominal value.

•	(2)Gradient of 0.1, normal load of 10,000 psf, water at 70˚F between steel plates for 15 minutes. Contact GSE for performance transmissivity value for use in design.

•	(3)Component properties prior to lamination.

•	(4)Roll widths and lengths have a tolerance of ±1%.

GSE is a leading manufacturer and marketer of geosynthetic lining products and services. We’ve 
built a reputation of reliability through our dedication to providing consistency of product, price 
and protection to our global customers.

Our commitment to innovation, our focus on quality and our industry expertise allow  
us the flexibility to collaborate with our clients to develop a custom, purpose-fit solution.

For more information on this product and others, please visit us at 
GSEworld.com, call 800.435.2008 or contact your local sales office.

This Information is provided for reference purposes only and is not intended as a warranty or guarantee. GSE assumes no liability in connection with the use of this Information. 
Specifications subject to change without notice. GSE and other trademarks in this document are registered trademarks of GSE Environmental, LLC in the United States and certain foreign 
countries. REV 04JUN2014
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Skaps Industries, Inc.
3985 Steve Reynolds Blvd  

Norcross, GA  30093 
Phone (770)564-1857 

DRAINAGE PRODUCT DESCRIPTION SHEET 
US Ecology Nevada, Inc. 

TRANSNET 330-2-8 

Transnet 330-2-8 is a superior quality drainage media made by extruding two sets of HDPE strands together to form a diamond shaped 
net.  The net is then heat laminated to an 8 ounce non-woven fabric.  This three dimensional structure provides excellent planar liquid 
flow.  The Transnet 330-2-8 conforms to the physical property values listed below: 

NET PROPERTY TEST METHOD UNITS MINIMUM AVERAGE ROLL VALUE 

Mass Per Unit Area ASTM D-5261 lbs/ft2 0.300 

Thickness ASTM D-5199 mils 330 +/- 30 

Density of Polymer ASTM D-1505 g/cm2 0.94 

Carbon Black ASTM D-1603 % 2 

Transmissivity (Geocomposite) ASTM D-4716 Gpm/ft2 4.35 

Transmissivity (Geonet) ASTM D-4716 Gpm/ft2 38.64 

Tensile Strength ASTM D-5035 lbs/in 75 

Ply Adhesion GRI GC7 Lbs/in 1.0 
*Transmissivity measured using water at 20 Degrees C with a gradient of 0.02, between 2 steel plates, under a confining pressure of
10,000 psf after fifteen minutes.  Values may vary based on dimension of the transmissivity specimen and specific laboratory. 

STYLE GE-180 
GE-180 is a superior quality, nonwoven geotextile produced by needlepunching together 100% polypropylene staple fibers in a random 
network to form a high strength dimensionally stable fabric.  The polypropylene fibers are specially formulated to resist ultraviolet light 
deterioration, and are inert to commonly encountered soil chemicals.  The fabric will not mildew, is non-biodegradable, and is resistant 
to damage from insects and rodents.  Polypropylene is stable within a ph range of 2 to 13.  GE180 conforms to the physical property 
values below: 

FABRIC PROPERTY TEST METHOD UNITS MINIMUM AVERAGE ROLL VALUE 

Weight ASTM D-5261 oz 8.0 

Grab Tensile ASTM D-4632 lbs 220 

Grab Elongation ASTM D-4632 % 50 

Puncture ASTM D-4833 lbs 120 

Water Flow Rate ATMD D-4491 gpm/ft2 100 

Permittivity* ASTM D-4491 sec-1 1.26 

AOS ASTM D-4751 US Sieve 80 (max) 
*At time of manufacturing.  Handling may change these properties.

To the best of our knowledge the information contained herein is accurate.  However, ESP, Inc. cannot anticipate all conditions under which ESP’s product 
information and our products, or the products of other manufacturers in combination with our products, may be used.  We accept no responsibility for results 
obtained by the application of this information or the safety or suitability of our products either alone or in combination with other products.  Final determination 
of the suitability of any information or material for the use contemplated, of its manner of use, and whether the suggested use infringes any patents is the sole 
responsibility of the user. 
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Evaluation of an Alternative Method of Leachate Collection
System Design

J. P. A. Hettiaratchi1; I. E. T. Soh2; and C. Hunte3

Abstract: The current practice of leachate collection and removal system �LCRS� design for sanitary landfills has limitations because of
the uncertainties associated with a key design parameter, leachate production rate. The traditional techniques for determining leachate
generation are accurate only to within one order of magnitude. One of the drawbacks is the inability of these techniques to account for
short-term fluctuations in leachate generation rate caused by heavy rainfall events or leachate recirculation events. This paper presents a
rational method to account for fluctuations in leachate generation by incorporating a correction factor to leachate generation rates
determined from traditional techniques. The correction factor known as the peak leachate factor �PLF� is developed from landfill lysimeter
and pilot scale test cell studies. It is defined as the ratio between peak and average daily leachate generation rate, and is proposed to be
used in conjunction with the output from a leachate generation model such as the hydrologic evaluation of landfill performance model to
generate a design leachate generation rate. The potential of applying PLF in the design of a LCRS in full scale landfills is evaluated by
studying the scale up possibility of the hydrological behavior of laboratory lysimeters to a field scale landfill test cell. The results
demonstrated that the hydrologic behavior of the field test cell is similar to that of the lysimeters. The results indicated that various
categories of landfill cells will require the adoption of PLFs depending on the type of waste landfilled and climatic conditions and
operational characteristics of the landfills. PLF could be an important design parameter for LCRS in landfills cells, especially those
operated with continuous leachate recirculation or located in tropical climates subjected to frequent high intensity rainfall events.

DOI: 10.1061/�ASCE�1090-025X�2009�13:3�156�

CE Database subject headings: Landfills; Lysimeters; Waste management; Design; Reactors; Biological treatment.

Introduction

When moisture exceeds the field capacity of the waste matrix it
percolates to the bottom of a landfill in the form of leachate.
Landfill operating practices such as the type of solid waste ac-
cepted by the facility, codisposal of liquid waste, compaction
density, and shredding of waste are known to affect leachate pro-
duction. Acceptance of high moisture waste, such as food waste,
as well as liquid waste, decreases the moisture storage capacity
of landfilled waste. Further, the presence of a high quantity of
dry waste components such as paper and cardboard contributes to
the absorbing capacity of waste. The storage and absorbing ca-
pacity of waste affect the hydraulic properties of waste such as
field capacity and hydraulic conductivity, which govern the mois-
ture movement within landfills, and, thus, affect the quantity of
leachate generated in landfills.

It is expected that the higher the field capacity, the higher the
breakthrough time of leachate discharge and the lower the
leachate production. Beaven and Powrie �1995� defined field ca-
pacity quantitatively as the sum of initial moisture content and the
absorptive capacity, and qualitatively as the moisture content at
which the total absorptive capacity has been utilized and free
draining conditions exist. This definition, referred to as theoretical
field capacity �TFC�, may be satisfactory for homogeneous mate-
rials such as soils but with municipal solid waste �MSW� landfills,
downward percolation can occur before the field capacity has
been exceeded. Additionally, solid waste constituents absorb liq-
uid to different degrees �Campbell 1982�.

Hydraulic conductivity is a measure of the ability of a porous
medium to conduct liquid �Chen and Chynoweth 1995�. A higher
hydraulic conductivity of waste will, therefore, result in a higher
leachate generation rate. The factors influencing the hydraulic
conductivity of soil include particle size, void ratio, composition,
fabric, degree of saturation �Lambe 1969�, and pore geometry
�Hillel 1971�. However, it is not possible to characterize solid
waste based on these factors due to the heterogeneity of solid
waste. Density is related to void ratio, fabric, and pore geometry
and, hence, it is important to the hydraulic conductivity of solid
waste �Chen and Chynoweth 1995�. Tests on household waste
have indicated that the saturated hydraulic conductivity is related
to density in such a manner that the higher the density, the lower
the saturated hydraulic conductivity �Powrie and Beaven 1998�.
Hydraulic conductivity is also a function of moisture content and
increases as the water content increases �Bleiker et al. 1995�.

Large quantities of leachate can be generated within a landfill
cell depending on the amount of precipitation, moisture content of
the waste mass, and final cover design. If not collected and re-

1Professor of Environmental Engineering, Dept. of Civil Engineering
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�CEERE�, Univ. of Calgary, AB, Canada.

2Process Engineer, Associated Engineering, 400-600 Crowfoot Cres-
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moved from the base of the landfill, fluid pressures can increase
on the bottom liner, and release of contaminants to groundwater
can occur posing a hazard to human health and the environment.
A leachate collection and removal system �LCRS� is, therefore, a
vital component to a properly functioning sanitary landfill. The
LCRS consists of a drainage layer, collection pipes, and sumps
designed to collect and remove the leachate for treatment or re-
circulation and to maintain the leachate head above the liner to a
specified level, usually 30 cm �USEPA 1999�.

The LCRS works in conjunction with a low permeable bottom
liner. The landfill designer will manipulate the hydraulic conduc-
tivity of the granular material in the drainage layer, the spacing
between leachate collection pipes, and the slope of the bottom
liner to achieve the LCRS performance objectives �McEnroe
1989�. To assist in this process, mathematical equations that can
be solved analytically or numerically are used to determine
leachate hydrology. One of the key inputs in these equations is
the leachate impingement rate or the leachate generation rate.
Korfiatis and Demetracopoulos �1986� contended that leachate
generation rate is as important as the hydraulic conductivity of the
bottom liner, the dominant landfill design parameter. The efforts
of landfill researchers over the last two decades have virtually
eliminated uncertainties associated with using hydraulic conduc-
tivity as a bottom liner design parameter. The same cannot be said
about the leachate generation rate.

A variety of water balance methods are available to determine
the leachate generation rate at a landfill cell. They rely on a mul-
titude of analytical models to quantify the various hydrologic pro-
cesses occurring within the landfill cell. The most commonly used
tool is a computer model known as the hydrologic evaluation of
landfill performance �HELP� model. Although it is highly popular
among practicing engineers, the HELP model is not without
shortcomings. Nevertheless, because of its ease of operation and
lack of a suitable alternative, the HELP model will find users in
North America, and worldwide, in years to come.

One of the major limitations of the HELP model is related to
the output results. The HELP model simulations result in daily
average leachate generation or impingement rates, which may be
of limited use to designers of most LCRSs. The leachate genera-
tion rate varies with time and is largely affected by the intensity
and duration of precipitation events �Sharma and Lewis 1994�,
which are not captured in the HELP model. To make matters
worse, there is no clear consensus among designers on what
leachate generation rate should be used as input in LCRS design
equations. Depending on the site conditions and regulatory re-
quirements, the designers are known to use average yearly, aver-
age monthly, or daily average leachate generation rate determined
from the HELP model, or simply use the 100-year design storm to
size the LCRS pipes. The Californian landfill regulations require
the use of twice the maximum anticipated daily leachate genera-
tion rate �Sharma and Lewis 1994�. The factor of two, in this
case, is supposed to compensate for the uncertainty associated
with the calculated leachate generation rate.

With the emergence of leachate recirculating landfills, and,
thus, with a greater emphasize on high efficiency leachate collec-
tion systems, greater challenges have been imposed on landfill
engineers involved in the prediction of leachate generation rates.
In this paper, a correction factor developed from lysimeter stud-
ies, peak leachate factor �PLF�, is introduced. The correction fac-
tor PLF is defined as the ratio between peak and average daily
leachate discharge rates. The potential to use PLF as a correction
factor to modify the HELP model output in determining an accu-
rate leachate generation rate is evaluated by studying the scale up

possibility of the hydrological behavior of laboratory lysimeters
to the field scale landfill test cell.

Materials and Methods

Two laboratory scale landfill lysimeters and a field scale landfill
test cell were used in this study. The lysimeter studies were un-
dertaken to develop time-dependent relationships of liquid infil-
tration rate versus leachate generation rate. The field scale landfill
test cell is used to determine whether results from laboratory scale
lysimeters can be scaled up to field operations.

Laboratory Landfill Lysimeters

Two laboratory scale landfill lysimeters �i.e., IL1 and IL2� of
identical design located at the Catholic University of Valparaíso
Valparaíso, Chile, were used in this research. The lysimeters are
of 0.8 m diameter, 2.4 m height, and 1.2 m3 effective volume �see
Fig. 1�. They have a conical base with an inward slope of 3%. A
12.5 mm PVC leachate collection pipe complete with a valve is
connected to the base of the lysimeter. The waste layer is covered
with a layer of loamy clay soil. The thickness of the waste and
cover soil layers were 1.96 and 0.23 m, respectively, for lysimeter
IL1, and 1.88 and 0.27 m, respectively, for lysimeter IL2.

The lysimeters were filled with shredded waste representative
of MSW. The composition of the waste placed in the lysimeters is
shown in Table 1. Details of the thickness and density of the
cover soil and waste layers in the two lysimeters at the beginning
of this research project are summarized in Table 2. The initial
densities of the soil and waste layers were determined using a
neutron probe. The neutron probe was inserted into four different
depths −5, 10, 15, and 20 cm of the soil layers to obtain the
density at each level. The neutron probe was also inserted into
the middle sampling port of the lysimeters to determine the ini-
tial density of the waste. The middle sampling port was chosen
because the upper port and the lower port were not suitable
for density measurement. The measured waste densities for ly-
simeters IL1 and IL2 were 814 and 851 kg /m3, respectively, on
wet weight basis, and 772 and 770 kg /m3, respectively, on dry
weight basis.

Fig. 1. Schematic diagram of laboratory lysimeter arrangement
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Description of Field Test Cell

The landfill test cell was constructed in June 1999 and was used
in this research from June 2001 to Oct. 2001. The test cell is
located at the east Calgary landfill, Calgary, Alberta, Canada.
The plan and cross-sectional views of the test cell are shown on
Fig. 2. The dimensions of the landfill test cell �TC� are 29.5 m
�W��37 m �L��3.75 m �D� and a base area of 7 m�7 m �City
of Calgary 1999�. The side slopes are 1:3 at the transverse sec-
tions and 1:4 at the longitudinal sections. The cell base is sloped

at 3% towards the center to facilitate leachate collection. The base
of the test cell is constructed with a composite liner system con-
taining an 80 mil thick high-density polyethylene geomembrane
liner and a 900 mm thick compacted clay layer. The test cell was
equipped with a leachate collection system with a drainage layer,
perforated piping embedded in a trench and a manhole. The drain-
age layer of leachate collection system consisted of a 300 mm
thick layer of 40 mm washed gravel with nonwoven geotextile
filter fabric placed under it and geotextile fabric placed over it.
The leachate collection pipe trench was constructed with a bed-
ding of sand layer above which a 150 mm diam pipe �both per-
forated and nonperforated� was placed. The trench was filled with
40 mm screened gravel and the perforated pipe was wrapped with
geotextile. The leachate collection pipes were laid at a slope of
0.8%. The perforated pipe served to collect leachate, and the non-
perforated pipes served to drain the collected leachate to the
leachate collection sump or manhole. The leachate collection
sump was constructed of standard concrete manhole barrels with
a minimum of 1 m thick compacted clay layer at the base, and
completed with a standard manhole cover.

The test cell was filled with solid waste representative of
typical residential and commercial waste in the city of Calgary
�Perera 2001�. The density and initial moisture content of the
waste at the beginning of the research project are estimated to be
593 kg /m3 and 0.22 �vol/vol�, respectively. Table 3 presents the
composition of the waste used in the test cell.

The average thickness of waste was 1 m. The initial final
cover of the cell consisted of a 600 mm compacted clay cap,
300 mm uncompacted subsoil and a 200 mm top soil. However,
prior to subjecting the test cell to infiltration events, the cover was
partly removed, leaving an average thickness of 500 mm of soil
material.

Infiltration Experiments—Landfill Lysimeters

The laboratory lysimeters and the test cell were subjected to in-
filtration experiments representative of the rainfall events in the
regions they were installed. Rainfall events were simulated by
spraying tap water on top of the lysimeters and the test cell. A

Table 1. Composition of Waste in Lysimeters �Modified from Espinace
Abarzúa and Schiappacasse Dasati �1997��

Waste type
Weight

�kg�

Percentage
by weight

�%�

Food and yard waste 244.05 48.81

Paper 68.5 13.7

Plastic 49.3 9.86

Cardboard 24.8 4.96

Wood 2.4 0.48

Rubber, leather 12.6 2.52

Textile 21.75 4.35

Metal 14.9 2.98

Glass 13.8 2.76

Dust, ash, etc. 12.6 2.52

Other 35.3 7.06

Total 500 100

Table 2. Thickness and Density of Cover Soil and Waste Layers

IL1 IL2

Thickness of cover soil layer �cm� 23 27

Average density of the cover soil �kg /m3� 1,496 1,231

Thickness of waste layer �cm� 196 188

Average density of the waste �kg /m3, wet� 814 851

Fig. 2. Schematic diagram of the landfill test cell �modified from Perera �2001��
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total of eight simulated infiltration events were performed by sub-
jecting the lysimeters to hydraulic loading rates equivalent to
1-hour 20-year, 5-year, and 2-year storm events expected in Val-
paraíso, Chile. The rainfall infiltration events conducted using the
lysimeters were carried out to study their hydrological behavior
with respect to hydraulic loading rates. Table 4 summarizes the
information related to the infiltration events conducted using the
laboratory lysimeters.

The lysimeters were subjected to different hydraulic loading
rates in order to determine the difference in hydrological behavior
of the lysimeters in response to differing loading rates. The series
of experiments conducted included two infiltration events of the
same loading rates �events IL1-R1 and R2, and IL2-R1 and R2�,
but at different initial moisture contents, on each lysimeter. These
experiments were conducted to determine the effect of moisture
content on hydrological behavior of the lysimeters. Repeatability
of experiments was evaluated by subjecting the two lysimeters,
with the same initial moisture content, to the same hydraulic load-
ing rates.

Once water was added to each lysimeter at hydraulic loading
rates specified in the experimental design, the leachate production
at the bottom of the lysimeter was monitored. The addition of
water to the top of the lysimeter continued for 1 h to simulate an
infiltration event. Leachate collection, once started, continued
every 15 min initially, and then the monitoring period was ex-
tended depending on the quantity of leachate produced. A suffi-
cient amount of data was collected to observe the variation of
leachate generation rates with respect to a 24-h time series. The
plot of leachate generation rate versus time is referred to as a
leachate discharge hydrograph �or leachate hydrograph�. In addi-
tion to generating leachate hydrographs, peak and average
leachate production rates in a 24-h period, percentage leachate

generation, lag time, and peaking time were also determined. A
typical leachate hydrograph is shown in Fig. 3 and resembles
typical rainfall-runoff curves observed in surface hydrological
studies, with clearly defined lag periods, peaking time, peak flow
�or flow amplitude�, and flow durations.

Infiltration Experiments—Field Test Cell

In the case of the field test cell, experiments were conducted by
applying water on the cell surface by a combination of spray
irrigation and trench infiltration. Spray irrigation was accom-
plished by pumping stream water through a network of sprinklers.
The average hydraulic loading rate applied was 4.37 mm /h and
the infiltration period was 2 h. These rates were selected based on
the typical precipitation range of 6.1�8.7 mm per rainfall event
recorded in Calgary, assuming that the precipitation occurred over
a 2-h time period. In total, 10 infiltration experiments were con-
ducted. Each experimental infiltration run involved infiltrating a
predetermined amount of water at a predetermined loading rate
over a time period of 2 h. After each infiltration event, both the
volume of leachate generated and leachate generation rate were
monitored for a minimum period of approximately 24 h. Table 5
summarizes the hydraulic loading rates applied.

Leachate hydrographs were produced, showing peak leachate
generation rate and percentage leachate generation; lag time and
peaking time were also determined.

Leachate Generation Potential

Leachate generation potential �LGP� is defined as the ratio of
instant moisture content �IMC� to theoretical field capacity �TFC�.
The TFC is the ultimate capability of waste to absorb moisture. It

Table 3. Estimated Waste Composition of the Test Cell �Source Perera �2001��

Waste
types

Multifamily residential waste Commercial waste Total waste

Weight
�kg�

%
weight

Weight
�kg�

%
weight

Weight
�kg�

%
weight

Paper 343,494 54 136,491 32 479,985 45

Food waste 82,693 13 63,980 15 146,673 14

Plastic 44,527 7 34,123 8 78,650 7

Glass 25,444 4 12,796 3 38,240 4

Metals 44,527 7 8,531 2 53,058 5

Yard waste n/a n/a 110,899 26 110,899 10

Others 95,415 15 59,715 14 155,130 15

TOTAL 636,100 100 426,535 100 1,062,635 100

Table 4. Details of Infiltration Experiments—Laboratory Lysimeters

Lysimeter Event Event description Hydraulic loading rate

IL1 IL1-R1 Simulate 1-h, 20-year storm event 240 L /h �or 476 mm /ha�

IL1-R2 Repetition of IL1-R1 240 L /h �or 476 mm /ha�

IL1-R3 Simulate 1-h, 5-year storm event with 42% losses due to runoffb 97.8 L /h �or 194 mm /ha�

IL1-R4 1-h, 2-year storm, with 50% losses due to runoffb 60 L /h �or 119 mm /ha�

IL2 IL2-R1 Simulate 1-h, 5-year storm 168 L /h �or 338 mm /ha�

IL2-R2 Repetition of IL2-R2 168 L /h �or 338 mm /ha�

IL2-R3 Simulate 1-h, 2-year storm 120 L /h �or 235 mm /hra�

IL2-R4 Repetition of IL1-R4 60 L /h �or 119 mm /ha�
aNormalized by the area of lysimeter�s�.
bLosses due to runoff were accounted for by applying a percentage reduction to the hydraulic loading rates.
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is quasi-constant and does not change for the same waste mass
over a short time period. IMC is defined as the moisture content
of waste just after an infiltration event was completed. The ratio
of IMC to TFC, thus, reflects the potential of leachate generation.

Theoretically, when the moisture content of a given waste
mass exceeds its TFC, leachate production commences. As such,
it can be inferred that a LGP value of greater than unity is re-
quired for the appearance of leachate at the bottom of a lysimeter.
Leachate generation at a LGP lower than unity reflects a higher
degree of short circuiting. The higher the moisture content of the
waste mass, the higher the potential it has for leachate generation.
As such, it could also be inferred that the higher the LGP value of
a given waste mass, the higher will be the potential for leachate
generation.

The moisture content of the waste before each infiltration ex-
periment was determined and recorded. By adding the amount of
moisture applied during each experiment to the moisture content
of waste before each infiltration experiment, the value of IMC of
the waste mass was determined.

Peak Leachate Factor

The parameter PLF is determined by dividing the peak leachate
generation rate by the average leachate generation rate during an
infiltration experiment. The peak leachate generation rate was de-
fined as the maximum leachate generation rate observed during a
monitoring period. PLF is an indicator of the variation between
peak leachate generation rate and average leachate generation rate
and the shape of lysimeter leachate hydrograph. The higher the
PLF, the larger will be the variation between peak leachate gen-
eration rate and the average leachate generation rate, and, there-
fore, the sharper the lysimeter leachate hydrograph.

Results and Discussion

Flow Behavior—Laboratory Lysimeters

The leachate hydrographs produced from the different infiltration
experiments involving the lysimeters are presented in Figs. 4 and
5. They follow a typical pattern with defined lag time, flow dura-

Table 5. Details of Rainwater Infiltration Events—Field Test Cell

Event designation Hydraulic loading rate

TC-R1 4.05 m3 /h �or 3.71 mm /ha�

TC-R2 4.61 m3 /h �or 5.03 mm /ha�

TC-R3 5.24 m3 /h �or 4.80 mm /ha�

TC-R4 5.46 m3 /h �or 5.00 mm /ha�

TC-R5 4.45 m3 /h �or 4.08 mm /ha�

TC-R6 4.64 m3 /h �or 4.25 mm /ha�

TC-R7 3.37 m3 /h �or 4.01 mm /ha�

TC-R8 4.17 m3 /h �or 3.82 mm /ha�

TC-R9 4.57 m3 /h �or 4.19 mm /ha�

TC-R10 3.55 m3 /h �or 3.26 mm /ha�
aNormalized by the surface area of the test cell.

Fig. 3. Typical leachate hydrograph

Fig. 4. Leachate hydrograph of events IL1-R1–R4
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tion, peaking time, and flow amplitude, as in Fig. 3, and resemble
typical rainfall-runoff curves observed in surface hydrological
studies. The LGP and PLF values determined from each infiltra-
tion experiment are presented in Table 6.

As indicated in Table 6, both lysimeters exhibited relatively
high LGP values. The LGP of lysimeter IL1 was higher than that
of lysimeter IL2, indicating that lysimeter IL1 was wetter than
IL2. As such, the lysimeter IL1 represented a wet landfill and IL2
represented a relatively drier landfill. Wet landfills are the ones
located in geographical areas where waste moisture contents
reach their field capacities rapidly and are subjected to frequent
high-intensity infiltration events. Furthermore, bioreactor land-
fills, or leachate recirculating landfills, fall into this category.

The relationships of PLF and hydraulic loading rates are
shown on Figs. 6 and 7, for IL1 and IL2, respectively. Evidently,
PLF values are found to be linearly correlated with hydraulic
loading rates. It is interesting to note that the range of PLF values
is closely correlated with the hydraulic loading rates, irrespective
of the lysimeter used. Furthermore, the PLF values of Lysimeters
IL1 and IL2 are also found to be a function of LGPs. The depen-
dency of PLF on LGPs is depicted in Figs. 8 and 9.

These results point to the fact that PLF could be used as a
potential design parameter in the design of leachate collection and

removal systems in wet landfills. In wet landfills and bioreactor
landfills, the hydraulic loading rate is the dominant controlling
factor of leachate generation and LGP of wastes could exceed the
potential of leachate generation easily. The design leachate gen-
eration rate for such landfills could be determined by multiplying

Table 6. Leachate Generation Potential �LGP� and Peak Leachate Factor
�PLF�—Lysimeter Infiltration Experiments

Lysimeter Event LGP PLF

IL1 IL1-R1 1.491 7.87

IL1-R2 1.495 7.66

IL1-R3 1.503 4.40

IL1-R4 1.503 3.43

IL2 IL2-R1 0.832 9.64

IL2-R2 0.849 12.87

IL2-R3 0.834 8.29

IL2-R4 0.826 4.05

Fig. 5. Leachate hydrograph of events IL2-R1–R4

Fig. 6. Peak leachate factor �PLF� versus hydraulic loading rate—
IL1-R1–R4

Fig. 7. Peak leachate factor �PLF� versus hydraulic loading rate—
IL2-R1–R4
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the leachate generation rate calculated from a conventional model
such as the HELP model. PLF could be considered the safety
factor that accounts for fluctuations in leachate generation rate as
indicated in a leachate hydrograph. These findings are verified by
the results obtained from the field scale test cell studies.

Flow Behavior—Field Test Cell

The data collected from the 10 infiltration experiments conducted
on the field test cell were used to produce the leachate hydro-
graphs presented in Fig. 10. As depicted in Fig. 10, clear leachate
hydrographs with defined peak leachate generation rates were
produced when the test cell was subjected to continuous or fre-
quent infiltration events. The first two events, TC-R1 and TC-R2,
produced flat leachate hydrographs, with very low peak leachate
generation rates. The low peak leachate generation rates were the
result of dry initial conditions observed in the final cover soil and
possibly, within the cell waste matrix itself. The subsequent in-
filtration event, TC-R3, produced a well defined leachate
hydrograph, similar to the ones observed with lysimeter experi-
ments, with a relatively high peak leachate generation rate.

The subsequent infiltration experiments, undertaken after a
short time interval of 26 h, produced a clearly defined leachate
hydrograph for event TC-R5. This leachate hydrograph extended
for more than 100 h. The following event, TC-R6, also had a
discernible leachate hydrograph. The time interval between events
TC-R6 and TC-R7 was 146 h, and, consequently, a significant
reduction in peak leachate generation rate was observed. The time
periods between events TC-R7 and TC-R8, and TC-R8 and TC-
R9, were 360 h and 165 h, respectively.

The long time intervals between events have resulted in
smaller peak leachate generation rates and flat leachate hydro-
graphs. With a shorter time interval between events, the leachate
hydrograph of event TC-R10 exhibited a somewhat discernible
leachate hydrograph with a relatively small peak leachate genera-
tion rate.

The leachate hydrographs produced from infiltration experi-
ments conducted at the test cell show a clear difference between
the hydrologic behavior of a waste cell subjected to frequent and
infrequent infiltration events. The appearance of a clearly defined
leachate hydrograph with a discernible peak leachate generation
rate is contingent upon the supply of water to the waste mass on
a continuous basis. A high frequency of infiltration events pro-
duced leachate hydrographs with high peak leachate generation
rates, indicating the importance of the moisture content of the cell
mass in determining the peak leachate generation rate. When the

Fig. 8. Peak leachate factor �PLF� versus leachate generation poten-
tial �LGP�—IL1-R1–R4

Fig. 9. Peak leachate factor �PLF� versus leachate generation poten-
tial �LGP�—IL2-R1–R4

Fig. 10. Time-series leachate hydrographs—test cell
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pre-event moisture content is higher, there is a better chance of
observing a leachate hydrograph and a high peak leachate genera-
tion rate and vice versa.

In practice, pre-event moisture contents are high in landfill
cells located in tropical climates with frequent rainfall events and
wet waste with high organic content, as well as in bioreactor
landfill cells receiving recirculating leachate. Even in landfills lo-
cated in temperate climates, summer months are known to pro-
duce frequent rainfall events increasing the moisture content of a
waste cell rapidly. Such cells should exhibit leachate production
patterns as observed in this research with defined leachate hydro-
graphs and measurable peak leachate generation rates. In such
situations, the use of a daily average leachate generation rate for
design purposes should produce inferior LCRS and such systems
will exhibit low leachate removal efficiencies.

The leachate hydrographs shown in Fig. 10 were used to de-
termine LGP and PLF values for the field test cell. Only five of
the leachate hydrographs with well defined parameter values were
used for this purpose. The results are presented in Table 7.

As seen from Table 7, the LGP value did not change drasti-
cally during the study period, and was much lower than the LGP
values observed with the lysimeter experiments. Nevertheless, the
PLF value varied between a low of 1.2 to a high of 3.77. The
maximum was observed with TC-R6, which followed TC-R5, an-
other event showing a relatively high PLF value.

The PLF values of the test cell results were examined for their
dependency on hydraulic loading rate. As previously discussed,
events TC-R3, TC-R7, and TC-R10 had relatively longer time
intervals between events than events TC-R5 and TC-R6. There-
fore, events TC-R3, TC-R7, and TC-R10 could be categorized as
a “dry” group of infiltration events, whereas the other two could
be categorized as “wet” infiltration events. In the case of the
“dry” infiltration events, there exists a linear relationship between
PLF and hydraulic loading rate �Fig. 11�. In the “wet” group,
events TC-R4 and TC-R5 had a PLF value in the same range.

In comparison with lysimeter experiments, the test cell events
recorded lower LGPs �about 0.6 compared with 0.8 to 1.5 for
lysimeters�. Production of leachate at lower LGP indicates higher
incidence of “fingering” or short circuiting within the test cell. If
significant short circuiting occurs, chances of observing leachate
hydrographs will be lower. Nevertheless, several clearly defined
leachate hydrographs were observed, which enabled determina-
tion of PLFs. The damping effect of the larger test cell compared
with the smaller lysimeter was clearly evident with the relatively
smaller PLFs observed. The high PLFs, 3.16 and 3.77, were ob-
served with the two “wet” infiltration events, TC-R4 and TC-R5,
respectively. This indicates the importance of determining PLF
for landfills expecting “wet” infiltration events. A similar situation
arises with flow through bioreactor landfills that are kept wet to
increase biodegradation and rapid stabilization.

As indicated earlier, the LCRS in a landfill should be designed
by assigning a safety factor to an average leachate generation rate
predicted from one of the currently available models, such as the
HELP model. The California landfill regulations require the use
of twice the maximum anticipated daily leachate generation rate
�Sharma and Lewis 1994�, indicating the use of a safety factor of
2. However, this safety factor value appears to be assigned with-
out a compelling technical basis. Current research provides such a
technical basis. However, this research does not support applying
a single safety factor value �or PLF� to a broad range of landfills.

Results from this research indicate the need to be selective in
applying a safety factor in determining the design leachate gen-
eration or impingement rate. As such, the application of PLF as a
safety factor in designing LCRS of landfills subjected to less fre-
quent infiltration events, via rainfall or leachate recirculation, may
not be useful. As indicated in Table 7, the PLF values associated
with the infiltration events TC-R3, TC-R7, and TC-R10 ranged
from 1.2 to 2. A safety factor of 2 as stipulated by the California
landfill regulations would be sufficient for landfill cells subjected
to conditions similar to TC-R3, TC-R7, and TC-R10. However,
for landfill cells subjected to conditions similar to TC-R5 and
TC-R6, a higher safety factor �PLFs between 3 and 4� should be
used. In this case, a safety factor of 2 as stipulated by the Cali-
fornia landfill regulations would cause an underdesign of the
LCRS. Therefore, the application of PLF in designing a LCRS
for a landfill subjected to frequent infiltration events, whether
frequent rainfall events or continuous leachate recirculation, is
critical.

In tropical climates, landfills are usually subjected to frequent
rainfall events �almost daily� during the rainy seasons with high
intensity and over long periods. It is critical that landfill designers
adopt a sufficiently high safety factor to account for the peak
leachate generation rates resulting from the high hydraulic load-
ings during rainy seasons. The maximum PLF generated from the
test cell experiments was approximately 4. The PLF of tropical
landfills can easily exceed the PLF of the test cell. The hydrologi-
cal behavior of bioreactor landfills would be similar, where con-
tinuous leachate recirculation resembles that of landfills located in
tropical climates. Therefore, it is also important to generate and
apply PLFs in the design of LCRSs for bioreactor landfills as
well.

Conclusions

This paper presented a rational method to account for fluctuations
in leachate generation by incorporating a correction factor to
leachate generation rates determined from traditional techniques.

Table 7. Leachate Generation Potential �LGP� and Peak Leachate Factor
�PLF�—Test Cell

Event LGP PLF

TC-R3 0.5950 2.04

TC-R5 0.5938 3.16

TC-R6 0.5934 3.77

TC-R7 0.5931 1.71

TC-R10 0.5935 1.2

Fig. 11. Peak leachate factor �PLF� versus hydraulic loading rate—
test cell
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The correction factor known as the peak leachate factor �PLF� is
developed from landfill lysimeter and pilot scale test cell studies.
It is defined as the ratio between peak and average daily leachate
generation rate, and is proposed to be used in conjunction with
the output from a leachate generation model such as the hydro-
logic evaluation of landfill performance �HELP� model to gener-
ate a design leachate generation rate.

The results indicated that various categories of landfill cells
will require the adoption of PLFs depending on the type of waste
landfilled and climatic conditions and operational characteristics
of the landfills. The wet landfills, such as the ones located in
tropical climates and bioreactor landfills may require the use of a
PLF exceeding 4, the maximum value observed in field scale test
cell studies. On the other hand, dry landfills could be designed
with a PLF of 2, a value recommended by the California landfill
regulations.
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Physical Properties of Plastic Pipe 
Used in Reclamation Toe Drains 

ES-1 

Executive Summary 
In the 1980s, the Bureau of Reclamation (Reclamation) began using perforated 
plastic pipe for toe drains in dams.  Corrugated high density polyethylene (HDPE) 
has been used most often, but other plastic pipe options include corrugated 
polyvinyl chloride (PVC), solid-wall PVC, and solid-wall HDPE.  In 1999, 
Reclamation began video inspection of toe drains and found that about one-half 
of our plastic toe drains suffered from areas of serious deformation or collapse 
(Cooper, 2005).  Concerns included whether all types of plastic pipe had 
sufficient strength and whether perforation patterns led to premature failure. 

This study compares the strength and failure modes of perforated and non-
perforated plastic pipe.  Six types of plastic pipe were tested for pipe stiffness, 
ultimate strength, and mode of failure to determine suitability for use in toe 
drains.  The six types of pipe evaluated include: 

Single-wall corrugated HDPE drainpipe 
Double-wall corrugated HDPE drainpipe 
Double-wall corrugated PVC drainpipe 
Solid-wall HDPE pressure pipe 
Solid-wall PVC pressure pipe 
Solid-wall PVC drainpipe1

Pipe strengths for perforated and non-perforated pipe were compared to published 
values.  Pipe diameters ranged from 6 to 24 inches (although larger diameters are 
also commonly used).  The manufacturer’s standard perforation patterns were 
selected for testing. 

Conclusions 

1. All the pipe exceeded the manufacturer’s published values for pipe
stiffness.

2. For corrugated pipe, the perforated pipe was just as strong as the non-
perforated pipe.  The reason for this high retained strength is that
corrugated pipe gets its strength from the corrugation ribs, while the
perforations are located in the corrugation valleys.

     1 For this report, solid-wall PVC drainpipe is non-pressurized drain-waste-vent (DWV) pipe, 
not to be confused with Reclamation terminology for perforated toe drainpipe for embankment 
dams. 
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ES-2 

3. For solid-wall pipe, the perforated pipe was significantly weaker than
the non-perforated pipe.  The strength reduction was directly
proportional to the percent open area (POA).  Solid-wall PVC pipe
(drainpipe and pressure pipe) showed a 2.5 percent decrease in pipe
stiffness for every 1 percent open area.  Solid-wall HDPE pipe lost more
strength, with a 15.0 percent decrease in pipe stiffness for every 1
percent open area.

4. Mode of Failure – For all pipe tested, the presence and location of
perforations had no influence on the mode or location of the pipe failure.

5. Both corrugated pipe options (HDPE and PVC) have significantly less
strength (lower pipe stiffness) than both the solid-wall pressure pipe
options (HDPE and PVC).

6. Lower strength corrugated plastic pipe relies greatly on support from the
compacted backfill to resist deformation.  Therefore, proper compaction
and backfill support are critical for corrugated pipe.

7. Brittleness – Although not originally part of this study, brittleness
proved to be an issue for some of the larger-diameter double-wall
corrugated PVC pipe.  This brittle behavior appears similar to field
damage issues seen with thin-walled PVC pipe.

8. Perforations – Because of flow characteristics through perforations,
fewer large holes are preferred for high-flow applications, while
numerous slots (or smaller holes) are acceptable for low-flow
applications.

9. Joints – All pipe manufacturers offer some type of satisfactory joint,
with some joints easier to assemble and more robust than others.  Since
joints for perforated pipe need not be watertight, some manufacturers
also offer a “soil-tight” joint that is appropriate for drainage applications.

10. Recommendations – Toe drains are critical to the safe operation of
embankment dams.  Toe drains frequently have deep burial where they
would be difficult to access or replace.  Trouble-free operation is
essential, and small additional costs at the time of construction are easily
justified.  Proper installation of plastic pipe should be verified with
closed circuit television inspection.  Pipe recommendations for critical
toe drain applications are shown in table ES-1.
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CALCULATION 

PURPOSE OF CALCULATION 

Calculate the anticipated loading scenarios to allow the selection of adequate drainage 
pipe used for leachate collection on the Trench floor and LDS sump piping standard 
dimension ratios (SDR). 

APPROACH 

Evaluate the proposed High Density Polyethylene (HDPE) perforated drainage pipe for 
potential damage under two conditions: 

• long-term, at full burial and maximum stress, and 
• after construction, when cover over the piping is the thinnest and potential 

damage from vehicles is greatest. 

HDPE pipe failure can occur through three modes.  The following schematic illustrates 
them. 

 

The polyethylene (PE) reference design handbook from Plastic Pipe.org (Reference 1: 
Plastic Pipe Institute, PE Design Handbook) was used for this analysis.  It examines 
each of these failure modes.   

For pipe burial depths greater than 50 feet, the design process consists of the following 
steps: 

1. Determine the vertical soil pressure acting at the crown of the pipe due to earth, 
live, and surcharge loads.   

2. Select a dimension ratio (DR) for the pipe to test. 

3. Assign or estimate the properties for the crushed rock embedment material and 
degree of compaction.  Since the crushed rock backfill cannot be compacted, an 
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estimated soil reaction value (E’) roughly equivalent to a moderate Proctor 
compaction value will be used.   

4. For the trial pipe strength and trial modulus of soil reaction, calculate the 
deflection due to the vertical soil pressure.  Compare the pipe deflection to the 
deflection limit.  If deflection exceeds the limit, two routes are possible: 

 increase the modulus of soil reaction, or 

 reduce the SDR  

Repeat step 4 for the new E’ and/or new trial pipe. 

5. For the trial pipe and trial modulus of soil reaction, calculate the allowable soil 
pressure for wall crushing and for wall buckling.  Compare the allowable soil 
pressure to the applied vertical pressure.  If the allowable pressure is equal to or 
higher than the applied vertical pressure, the design is complete.  If not, select a 
different pipe DR or heavier profile or different E’, and repeat step 5. 

One step that was not included in the above process was the evaluation of the impacts 
of perforating the pipe.  The strength reduction resulting from pipe perforations was 
incorporated into the design analysis by reducing the unperforated HDPE material 
strength properties.  

Vertical Soil Pressure 

The weight of the waste, as well as surface loads above the pipe, produce pressure on 
the pipe.  The waste weight is considered to be a “dead-load” while additional surface 
loads are referred to as “surcharge loads.”  Surcharge loads can be temporary (such as 
vehicle traffic) or permanent (such as structures, equipment, and piles of stored 
materials or debris). The soil pressures are calculated at the top of the pipe and 
summed together to obtain the total vertical soil pressure which is then used for 
calculating deflection and for comparison with wall crush and wall buckling performance 
limits. 

Waste Load 

The waste is assumed to be a uniform, homogeneous mass acting on the top of the 
pipe.  A conservative assumption is that the entire waste load acts on the pipe crown 
(“prism load”).  However, if the mass contains areas of varying stiffness (such as the 
difference between the pipe and surrounding gravel backfill), the weight of the mass will 
redistribute itself toward the stiffer areas due to internal shear resistance, and arching 
will occur. Arching in deep fills results in a reduction in load on the HDPE pipe. 

One minor exception to this is when the pipe is only covered to a shallow depth and is 
exposed to dynamic loads, such as from vehicle traffic.  The influence of live loads at a 
shallow burial depth after installation is examined in this calculation.   
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LEACHATE COLLECTION PIPING ON THE TRENCH FLOOR 

The following data are used in the calculation: 
Item Value Source 
Perforated HDPE 4 inch Design drawing 
Perforations 3/8 inch diameter, 2 holes per 

lineal foot, 45 degrees below 
horizontal spacing 

 

SDR 17  and 11  
Minimum burial depth 30 inches  
Maximum burial depth 150 feet  
Maximum Waste density 115 pcf  
Bedding material 1-1.5 inch crushed rock  
Poisson’s Ratio for crushed rock 0.35 CDOT, 2012 
Friction angle for crushed rock 35 degrees Clover, 1995, range from 30 to 

45 degrees 
Tensile strength, PE 4710 3500 psf Iles and Eddy, 2014 

Deep Burial with No Live Load 

The deep burial mode assumes only the static waste load acts on the drainage pipe.  
The influence of vehicle traffic is insignificant at the final depth of waste placement. 

Failure Mode: Ring Compression  

The vertical load for the waste at maximum burial is calculated as: 

𝑃𝑃𝑃𝑃 = 𝑤𝑤𝑤𝑤 = (100 𝑝𝑝𝑝𝑝𝑝𝑝)(70 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓) = 16,200
𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓2

= 112.5 𝑝𝑝𝑝𝑝𝑝𝑝 

Where: 
Pe = earth load pressure 
w = unit weight of the waste 
H = height of the waste 

The deep burial leads to reduction in the vertical loading from arching.  The first step in 
the analysis is compressive ring thrust associated with the vertical arching factor (VAF).  
The VAF is calculated from: 

𝑉𝑉𝑉𝑉𝑉𝑉 = 0.88 − 0.71
𝑆𝑆𝐴𝐴 − 1
𝑆𝑆𝐴𝐴 + 2.5

 

Where: 
SA = hoop thrust stiffness ratio, and is calculated using: 

𝑆𝑆𝐴𝐴
1.43𝑀𝑀𝑠𝑠𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝐸𝐸
 

Where: 
Ms = modulus of soil, psi 
Rcent = radius to centroid of pipe, inches 
E = modulus of elasticity for pipe material, psi 
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A = wall thickness for SDR pipe, inches 

The centroid radius is calculated from the assumed material type and pipe dimensions.  
Pipe properties for 4 inch solid wall HDPE pipe (Reference 1: Plastic Pipe Institute, PE 
Design Handbook) are: 

 

For a 4 inch pipe with assumed SDR=17, the inside diameter is 3.94 inches.  The wall 
thickness is 0.265 inches.   

The long term modulus of elasticity for polyethylene is 28,200 psi (Reference 1: Plastic 
Pipe Institute, PE Design Handbook). 

The radius to the centroid axis of the 4-inch HDPE (Do = 4.5 inches) is 2.25 inches 

The SA is calculated as: 

𝑆𝑆𝐴𝐴 =
1.43𝑀𝑀𝑠𝑠𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝐸𝐸
=

1.43(3,000 𝑝𝑝𝑝𝑝𝑝𝑝)(2.25 𝑖𝑖𝑖𝑖𝑖𝑖ℎ)
(28,200 𝑝𝑝𝑝𝑝𝑝𝑝)(0.265 𝑖𝑖𝑖𝑖𝑖𝑖ℎ)

= 1.29 

The VAF is calculated as: 

𝑉𝑉𝑉𝑉𝑉𝑉 = 0.88 − 0.71
𝑆𝑆𝐴𝐴 − 1
𝑆𝑆𝐴𝐴 + 2.5

= 0.88 − 0.71
1.29 − 1

1.29 + 2.5
= 0.83 

Therefore, the radial directed earth pressure can be found from  

𝑃𝑃𝑅𝑅𝑅𝑅 = (𝑉𝑉𝑉𝑉𝑉𝑉)𝑤𝑤𝑤𝑤 = (0.83)[(100 𝑝𝑝𝑝𝑝𝑝𝑝)(70 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓)] = 13,450 𝑝𝑝𝑝𝑝𝑝𝑝 
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For SDR 17 pipe, with no live load assumed because of the depth, the compressive 
stress in the pipe wall from the overlying waste is calculated to be 

𝑆𝑆 =
𝑃𝑃𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆

288
=

(13,450 𝑝𝑝𝑝𝑝𝑝𝑝)(17)
288

= 794 𝑝𝑝𝑝𝑝𝑝𝑝 

Since the backfill around the pipe is composed of sub-angular drain rock, the points 
impart a larger stress then calculated above. Brachman et al (2000) (Reference 4: 
Brachman, Local Strain on a Leachate Collection Pipe) suggest that a strain multiplier of 
1.5 be used.  The strain multiplier can be interpreted using: 

𝐸𝐸 =
𝜎𝜎
𝜀𝜀

= 28,200 =  
794
𝜀𝜀

= 𝜀𝜀 = 0.0282 

0.0282 ∗ 1.5 =  0.042 

28,200𝑝𝑝𝑝𝑝𝑝𝑝 =
𝜎𝜎

0.042
= 𝜎𝜎 = 1,184 𝑝𝑝𝑝𝑝𝑝𝑝 

The perforation analysis involves evaluating the static and dynamic stresses that are put 
on the pipe.  The effects of perforations weaken the pipe compared to a solid pipe, and 
must be considered in the design.  

The Bureau of Reclamation (2009) examined pipe failure mechanisms associated with 
deep burial of PVC and HDPE in toe drains.  The reduction in strength associated with 
perforations in smooth wall HDPE was found to be function of the percent open area of 
the perforations to the pipe surface.   

The LCRS drain pipe perforation specification is for a minimal amount of open area, or 
0.0057 inches2 per foot of pipe.  A greater amount of open area must be planned for the 
pipe to account for possible plugging over time.  For conservatism, a 10 times multiplier 
is applied to the open area requirement, or 0.057 inches2 per foot.  While it does not 
matter for the strength assessment, for this calculation, the perforations are assumed to 
be spaced at 45 degrees below the horizontal plane.  Estimating two 3/8” diameter 
holes drilled in the pipe, per foot.  The total perforation open area would be: 

𝑂𝑂𝑂𝑂 = 2𝜋𝜋
𝑑𝑑2

4
= 2𝜋𝜋

0.3752

4
= 0.22 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒 

Where 
OA = open area, square inches 
d = diameter of each perforation, inches 

The percent open area (POA) is calculated per linear foot of pipe as: 

 
Where: 
POA = percent open area 
OA = perforation open area 
Ap = pipe surface area per linear foot 
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DO = pipe outside diameter, inches 
 

𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑂𝑂𝑂𝑂
𝐴𝐴𝑝𝑝

=
0.22 𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒

12𝜋𝜋𝐷𝐷𝑂𝑂
=

0.22
12𝜋𝜋(4.5)

= 0.1% 

The Bureau of Reclamation report indicates that solid wall HDPE pipe experiences a 
strength reduction of about 15% for each percent open area.  This value should be used 
cautiously, as it is only based on one test sample in the laboratory.  With that in mind, 
for the perforation pattern in the design specifications, the reduction in strength is 
estimated to be: 

𝑆𝑆𝑅𝑅 = 𝑃𝑃𝑃𝑃𝑃𝑃 ∗
15%

1% 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
= 0.1 ∗ 15 = 1.5% 

Where: 
Sr = strength reduction from perforations 

Given the following properties (Reference 1: Plastic Pipe Institute, PE Design 
Handbook) 

 

It can be seen that the maximum stress allowed for the perforation pattern using 
strength characteristics of the strongest HDPE (PE 4710) and reducing that strength by 
effects of the perforations is: 

𝑆𝑆𝑃𝑃𝑃𝑃 = 𝑆𝑆𝑝𝑝(1 − 𝑆𝑆𝑟𝑟) = 1,150 𝑝𝑝𝑝𝑝𝑝𝑝 (1 − 0.015) = 1,133 𝑝𝑝𝑝𝑝𝑝𝑝  

Where: 
Spr = Allowable reduced pipe stress from perforations 
Sp = Allowable pipe stress 
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Since the anticipated compressive wall stress for the SDR=17 under maximum waste 
burial conditions and angular rock backfill was 1,184 psi which is greater than the 
allowable compressive stress of 1,133 psi (PE4710), a new pipe SDR must be selected. 

Repeat Approach Steps with SDR 11 

Choosing SDR 11, with an inner diameter of 3.63 inches and wall thickness of 0.409 
inches, the computed values for the compressive stress generated at maximum waste 
burial become: 

SA = 0.837 

VAF = 0.92 

PRD = 14,823 psf 

𝑆𝑆 =
𝑃𝑃𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆

288
=

(14,823 𝑝𝑝𝑝𝑝𝑝𝑝)(11)
288

= 566 𝑝𝑝𝑝𝑝𝑝𝑝 

With the stronger SDR, the compressive wall stress becomes S = 566 psi.  The angular 
rock backfill increases this stress to 846 psi.  Since this is less than the SPR (at 1,133 
psi) allowable compressive strength for the perforated pipe constructed of material 
HDPE 4710, the SDR 11 pipe passes.   

Failure Mode: Deflection 

Evaluation done for SDR 11 only since SDR 17 failed for ring compression.   

The buried drainage pipe will deform under the weight of the waste to assume 
somewhat of an elliptical shape.  This deformation slightly reduces the pipe’s flow area.  
Practically speaking, this phenomenon can be considered negligible as it relates to pipe 
flow capacity.  Deflections resulting in an elliptical deformation which reduces the pipe’s 
vertical diameter by 7% results in a flow reduction of approximately 1% (Reference 1: 
Plastic Pipe Institute, PE Design Handbook).  The deflection under final waste loading is 
examined using the Watkins-Gaube equation. 

The secant modulus is calculated assuming a Poisson’s Ratio, µ=0.35 (Reference 2: 
CDOT).  A table of typical values of the soil modulus (Ms) for various vertical soil stress 
values provides guidance on the effect of compaction on the material surrounding the 
drainage pipe. 
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Reference 1: Plastic Pipe Institute, PE Design Handbook, Table 3-12.  

A literature value of MS = 3000 psi (Reference 3: National Engineering Handbook, 
Chapter 52) for a moderately compacted gravel backfill with fill of about 150 feet thick 
was used in the analysis.  This value is supported by the other sources, including the 
table above, and is used in this analysis. 

The secant modulus is calculated from: 

𝐸𝐸𝑠𝑠 =
𝑀𝑀𝑠𝑠(1 + µ)(1 − 2µ)

1 − µ
=

(3000 𝑝𝑝𝑝𝑝𝑝𝑝)(1 + 0.35)(1 − 2(0.35))
(1 − 0.35)

= 1,870 𝑝𝑝𝑝𝑝𝑝𝑝 

The rigidity factor is 

𝑅𝑅𝐹𝐹 =
12(𝐸𝐸𝑠𝑠)(𝑆𝑆𝑆𝑆𝑆𝑆 − 1)3

𝐸𝐸
=

12(1,870 𝑝𝑝𝑝𝑝𝑝𝑝)(11 − 1)3

(28,200 𝑝𝑝𝑝𝑝𝑝𝑝)
= 795 𝑝𝑝𝑝𝑝𝑝𝑝 

The deformation factor (DF) is taken from the Watkins-Gaube graph. 

 

DF is estimated to be about 1.2 from the graph. 
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The soil strain is calculated from the normal load imposed by the overlying waste.  
USEN reports an average placed waste density of 96.3 lbs/ft3 (pcf).  For conservatism in 
calculations, two waste densities were assumed; waste in the upper portion of the cell 
with a density of a 100 pcf, and waste in the lower portion of the cell that had been 
subjected to compaction with a slightly higher density of 115 pcf.  The maximum design 
waste thickness in Trench 13 is 150 feet, the centerline leachate pipe must be able to 
withstand the combined load of the two waste densities.  For this calculation, it is 
assumed that the upper 70 feet of waste are at the lower density and the lower 80 feet 
of waste are at the higher density, producing a load of about 16,200 pound per square 
foot.  The soil strain, εs, is calculated as: 

ε𝑆𝑆 =
𝑤𝑤𝑤𝑤

144𝐸𝐸𝑠𝑠
=

(100 𝑝𝑝𝑝𝑝𝑝𝑝)(70 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓)
144(1,870 𝑝𝑝𝑝𝑝𝑝𝑝)

= 0.060 = 6.0% 

So the deflections is estimated to be: 

Δ𝑋𝑋
𝐷𝐷𝑀𝑀

(100) = 𝐷𝐷𝐹𝐹𝜀𝜀𝑠𝑠 = (1.2)(6.0) = 7.2% 

Since the backfill around the pipe is composed of sub-angular crushed rock, the points 
impart a larger strain than that of a granular sand backfill.  Brachman et al (2000) 
(Reference 4: Brachman, Local Strain on a Leachate Collection Pipe) suggest that a 
strain multiplier of 1.5 be used to account for that, yielding:   

𝐷𝐷𝐹𝐹𝜀𝜀𝑠𝑠 = (1.2)(6.0)(1.5) = 10.8% 

This deflection would result in 2.4% reduction in flow capacity (Reference 8: Fisher, 
PVC Pipe News) of the drainage pipe, and is considered acceptable.  Additionally, 
failures identified in the Bureau of Reclamation testing for solid wall perforated HDPE 
pipe occurred at 50% deflection (Reference 5: Bureau of Reclamation), far greater than 
the value calculated here. 

Failure Mode: Buckling 

Critical buckling is estimated from the Moore Selig equation: 

𝑃𝑃𝐶𝐶𝐶𝐶 =
2.4𝜑𝜑𝑅𝑅𝐻𝐻
𝐷𝐷𝑀𝑀

(𝐸𝐸𝐸𝐸)1 3� (𝐸𝐸𝑠𝑠∗)
2
3�  

Where: 
PCR = critical constrained buckling pressure, psi 
𝜑𝜑 = calibration factor, 0.55 for granular soils 
RH = geometry factor, (for deep burials, the Geometry Factor reverts to 1) 
E = apparent modulus of elasticity of pipe material, psi 
IPW = pipe wall moment of inertia 
Es* = Es/(1- 𝜇𝜇) 
Es = secant modulus of the soil, psi 
𝜇𝜇 = Poisson’s Ratio of Soil  



 Prepared by:  PAZ   Date:  4/16/15 
Checked by: CWK   Date:  5/22/15 

Page 11 of 25 

DM = Mean diameter 

Where the secant modulus  

𝐸𝐸𝑠𝑠∗ =
𝐸𝐸𝑠𝑠

(1 − 𝜇𝜇)
=

1,870 𝑝𝑝𝑝𝑝𝑝𝑝
(1 − 0.35)

= 2,877 𝑝𝑝𝑝𝑝𝑝𝑝 

And the moment of inertia on the pipe wall is calculated to be: 

𝐼𝐼𝑃𝑃𝑃𝑃 =
𝑡𝑡3

12
=

0.4093

12
= 0.0057 

Where t = SDR 11 wall thickness = 0.409 inch. 

Substituting yields: 

𝑃𝑃𝐶𝐶𝐶𝐶 =
2.4(0.55)(1)
(4.5 − 0.409)

(28,200 ∗ 0.0057)1 3� (2,877)2 3�  

𝑃𝑃𝐶𝐶𝐶𝐶 = 355 𝑝𝑝𝑝𝑝𝑝𝑝 

The design safety factor against buckling should be (Reference 6: National Engineering 
Handbook): 

2.5 when  𝐻𝐻

�𝐷𝐷𝑜𝑜 12� �
> 2 and 3.0 when 𝐻𝐻

�𝐷𝐷𝑜𝑜 12� �
< 2 

For the final waste configuration, a Safety Factor =2.5 is selected because the equation 
value is: 

150 𝑓𝑓𝑓𝑓

�4.5
12� �

= 400 > 2 

The safety factor is then calculated against buckling to be: 

𝑆𝑆𝑆𝑆 =
𝑃𝑃𝐶𝐶𝐶𝐶
𝑃𝑃𝐸𝐸

=
(355)(144)

(100 𝑝𝑝𝑝𝑝𝑝𝑝)(70 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓)
= 3.2 

Therefore, the 4” diameter HDPE perforated pipe with SDR 11 with material properties 
equal to or greater than PE 4710 is suitable for long term use. 

Shallow Burial with Live Load 

The live load from vehicles will be most significant when there is the minimum depth of 
daily cover and waste placed above the piping.  The greatest live load will come from 
the heavy machinery and trucks as waste is placed and compacted.  The pressure 
transmitted to the drainage pipe by a vehicle depends on the pipe’s burial depth, the 
vehicle’s weight, the tire pressure and size, vehicle speed, surface smoothness, the soil 
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surrounding the pipe (backfill) and cover, and the distance from the pipe to the point of 
loading (directly overhead, or to the side of the pipe crown). 

The maximum load under a wheel occurs at the surface and diminishes with depth.  
Guidance suggests that HDPE pipes should be installed a minimum of one diameter or 
18”, whichever is greater, beneath the surface (Reference 1: Plastic Pipe Institute, PE 
Design Handbook).  At this depth, the pipe is far enough below the wheel load to 
significantly reduce soil pressure and the pipe can fully utilize the embedment soil for 
load resistance. With a pipe of outer diameter of 4.5”, the 30” operations layer 
represents almost 150% of the 18 inch minimum and more than 6 times the diameter.  
Vehicle loading influence is not anticipated to be an issue, as supported by the following 
calculations. 

Failure Mode: Deflection 

The shallow cover soil is assumed to be a compacted backfill with a density of 120 pcf.  
The vertical load after installation with a shallow soil cover of 30 inches (2.5 feet) is 
calculated as: 

𝑃𝑃𝑃𝑃 = 𝑤𝑤𝑤𝑤 = (120 𝑝𝑝𝑝𝑝𝑝𝑝)(2.5 𝑓𝑓𝑓𝑓) = 300
𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓2

= 2.1 𝑝𝑝𝑝𝑝𝑝𝑝 

The deflection associated with the shallow cover is assumed to be negligible, so the 
next part of the analysis is the live load component. 

For off-highway vehicles, it is generally necessary to calculate live load pressure from 
information supplied by the vehicle manufacturer regarding the vehicle weight or wheel 
load, tire footprint (contact area) and wheel spacing.  The location of the vehicle’s 
wheels relative to the pipe is also an important factor in determining how much load is 
transmitted to the pipe.  Soil pressure under a point load at the surface is dispersed 
through the soil in both depth and expanse.  Wheel loads not located directly above a 
pipe may apply pressure to the pipe, and this pressure can be significant.  The load 
from two wheels straddling a pipe may produce a higher pressure on a pipe than from a 
single wheel directly above it, however, for the shallow condition on the drainage pipe 
after installation, the maximum soil pressure will occur when a single wheel (single or 
dual tire) is directly over the pipe.  

The Timoshenko Equation can be used to find the pressure directly under a single 
wheel load.  For deeper pipes, the maximum case often occurs when vehicles traveling 
above the pipe pass within a few feet of each other while straddling the pipe, or in the 
case of off-highway vehicles when they have closely space axles.  The Boussinesq 
Equation can be used to find the pressure from wheels not directly above the pipe.   

Single Wheel Loading 

For a single wheel load, the Timoshenko Equation (Reference 1: Plastic Pipe Institute, 
PE Design Handbook) gives the soil pressure at a point directly under a tire: 
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𝑃𝑃𝐿𝐿 =
𝐼𝐼𝑓𝑓𝑊𝑊𝑤𝑤

𝑎𝑎𝑐𝑐
�1 −

𝐻𝐻3

(𝑟𝑟𝑇𝑇2 + 𝐻𝐻2)1.5� 

Where: 
PL = vertical soil pressure due to live load (psf) 
If = impact factor 
Ww = wheel load 
ac = contact  area, ft2 
rT = equivalent radius, ft 
H = depth of cover 

Solving for a tractor trailer that may deliver waste to the site, the loading information is 
available for two different trucks 
AASHTO H20 Load AASHTO HS20 Load 

 

 

The top of the placed waste typically is a very uneven surface, which can create impact 
loading as the vehicle bounces over the surface.  Guidance from (Reference 1: Plastic 
Pipe Institute, PE Design Handbook) suggests an impact factor of 2.0 to 3.0 should be 
considered, except for slow traffic.  Because the site maintains very slow traffic speeds, 
an impact factor If=2 was selected. 

The truck tire contact area is assumed to be for a dual rear tire configuration.  This has 
a contact area (ac) of about 114 square inches, or 0.8 square feet (Reference 7: Yap, 
Truck and Tire Types and Road Contact Pressures).  The wheel load (WW) is estimated 
as 16000 pounds (0.4*the sum of the two axles, or 40,000 pounds). 

The equivalent radius is calculated as: 

𝑟𝑟𝑇𝑇 = �
𝑎𝑎𝑐𝑐
𝜋𝜋

=  �
0.8
𝜋𝜋

= 0.5 𝑓𝑓𝑓𝑓 

Substituting in the values yields: 
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𝑃𝑃𝐿𝐿 =
(2)(16,000 𝑙𝑙𝑙𝑙𝑙𝑙)

0.8
�1 −

(2.5)3

((0.5 𝑓𝑓𝑓𝑓)2 + 2.52)1.5� = 2,285 𝑝𝑝𝑝𝑝𝑝𝑝 

Between Axle Loading 

By comparison, the Bousinnesq equation is used to solve for the loading between the 
wheels: 

𝑃𝑃𝐿𝐿 =
3𝐼𝐼𝑓𝑓𝑊𝑊𝑤𝑤𝐻𝐻3

2𝜋𝜋𝑟𝑟5
 

Where: 
PL = vertical soil pressure due to live load (psf) 
If = impact factor 
Ww = wheel load 
H = depth of cover 
r = distance from point of load to crown, ft 

The distance is calculated from 

𝑟𝑟 = �𝑋𝑋2 + 𝐻𝐻2 

The distance between the back two axles for a H20 vehicle is 14 feet, so for the loading 
to the crown pipe, the distance would be half or 7 feet. 

Therefore, X = 7 feet, and r becomes 

𝑟𝑟 = �72 + 2.52 = 7.43 𝑓𝑓𝑓𝑓 

It is assumed that both the front axle and rear axle are contributing to the load, so from 
the axle configuration figure shown above:  

𝑊𝑊𝑤𝑤 = 0.1𝑊𝑊 + 0.4𝑊𝑊 =  0.5(40,000 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) = 20,000 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

The live load between the wheels for a two axle waste truck is calculated as: 

𝑃𝑃𝐿𝐿 =
3(2)(20,000 𝑙𝑙𝑙𝑙𝑙𝑙)(2.5)3

2𝜋𝜋(7.43)5
= 13 𝑝𝑝𝑝𝑝𝑝𝑝 

This value is less than the single wheel load calculated by the Timenko equation, so 
that becomes the controlling live load. 

The total load then is 

𝑃𝑃𝑇𝑇 = 𝑃𝑃𝐸𝐸 + 𝑃𝑃𝐿𝐿 = 300 + 2,285 = 2,585 𝑝𝑝𝑝𝑝𝑝𝑝 

When the pipe is adequately buried, it is assumed to behave almost perfectly flexible 
with little ability to resist bending.  At shallow cover depths, surcharge or live loads can 
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place a bending load on the pipe crown.  In this case the pipe’s flexural stiffness carries 
part of the load and prevents the pipe crown from dimpling inward under the load. 

An analysis by Watkins (1977) gives the soil pressure that can be supported at the pipe 
crown by the combination of the pipe’s flexural stiffness (bending resistance) and the 
soil’s internal resistance against heaving upward.  Watkins’ equation applies to the 
condition after construction is completed, with the depth of cover soil greater than one-
half of the pipe diameter and the pipe is installed at least 18 inches below the ground 
surface.  

The solution follows: 

𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤 =
12𝑤𝑤(𝐾𝐾𝐻𝐻)2

𝐷𝐷𝑂𝑂
+

7,387(𝐼𝐼)
𝐷𝐷𝑂𝑂2𝑐𝑐

�𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 −
𝑤𝑤𝐷𝐷𝑂𝑂𝐻𝐻
288𝐴𝐴

� 

Where: 
Pwat = allowable live load pressure at pipe crown with thin cover, psf 
w = soil weight 
DO = pipe outside diameter, inches 
H = depth of cover, ft 
I = pipe wall moment of inertia, 0.0057 for 4-inch, IPS HDPE SDR 11 
A = wall thickness for SDR pipe 
c = outer fiber wall to centroid = 0.5A for SDR pipe 
SMAT = material yield strength, psi, use 3500 psi for PE4710 material 
K = passive earth coefficient 

Where K is calculated as  

𝐾𝐾 =
1 + 𝑠𝑠𝑠𝑠𝑠𝑠θ
1 − 𝑠𝑠𝑠𝑠𝑠𝑠θ

 

And θ= angle of internal friction, degrees 

For crushed stone, the low end will likely be θ = 35 degrees (Reference X: Clover, 1995, 
from Wikipedia), yields K = 3.69 

Substituting into the equation yields 

𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤 =
12(120 𝑝𝑝𝑝𝑝𝑝𝑝)(3.69 ∗ 2.5)2

(4.5)
+

7,387(0.0057)
4.520.5(0.409)

�3,500 −
(120𝑝𝑝𝑝𝑝𝑝𝑝)(4.5𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒)(2.5𝑓𝑓𝑓𝑓)

288(0.409 𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒)
� 

𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤 = 27,230 + 10.2(3,488) = 62,813 𝑝𝑝𝑝𝑝𝑝𝑝 

The safety factor is  

𝑁𝑁𝑆𝑆 =
𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤
𝑃𝑃𝐿𝐿

=
62,813 𝑝𝑝𝑝𝑝𝑝𝑝
2,285 𝑝𝑝𝑝𝑝𝑝𝑝

= 27 
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The safety factor shows that flexural stiffness of the drainage pipe is adequate to meet 
the live loads under shallow cover conditions.  A safety factor of 3.0 for shallow cover is 
recommended in (Reference 1: Plastic Pipe Institute, PE Design Handbook). 

For SDR pipe, with a live load and shallow depth, the compressive stress in the pipe 
wall from the overlying waste is calculated to be 

𝑆𝑆 = 𝑃𝑃𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆
288

= (2,585 𝑝𝑝𝑝𝑝𝑝𝑝)(11)
288

= 99 𝑝𝑝𝑝𝑝f 

Since this is less than the SPR allowable compressive strength for pipe constructed of 
material HDPE 4710, it therefore passes with shallow cover soil and a live load.  
Therefore, PE 4710 SDR 11 is adequate to meet the live vehicle load with shallow cover 
on the perforated pipe. 

Failure Mode: Ring Compression  

The vertical load for the waste and live load from a single wheel is  

𝑃𝑃𝑇𝑇 = 𝑃𝑃𝐸𝐸 + 𝑃𝑃𝐿𝐿 = 300 𝑝𝑝𝑝𝑝𝑝𝑝 + 2,285 𝑝𝑝𝑝𝑝𝑝𝑝 = 2,585 𝑝𝑝𝑝𝑝f 

Because it is only shallow burial, it is not expected for significant arching to develop, so 
it is unlikely for there to be a reduction in the vertical stress.  The first step in the 
analysis is compressive ring thrust associated with the vertical arching factor (VAF).  
The VAF is calculated from: 

𝑉𝑉𝑉𝑉𝑉𝑉 = 0.88 − 0.71
𝑆𝑆𝐴𝐴 − 1
𝑆𝑆𝐴𝐴 + 2.5

 

Where: 
SA = hoop thrust stiffness ratio, and is calculated using: 

𝑆𝑆𝐴𝐴
1.43𝑀𝑀𝑠𝑠𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝐸𝐸
 

Where: 
Ms = modulus of soil, psi 
rcent = radius to centroid of pipe, inches 
E = modulus of elasticity for pipe material, psi 
A = wall thickness for SDR pipe, inches 

For a 4 inch pipe with assumed SDR=11, the inside diameter is 3.63 inches.  The wall 
thickness is 0.409 inches.  The radius to the centroid axis of the 4-inch HDPE (Do = 4.5 
inches) is 2.25 inches. 

The long term modulus of elasticity for polyethylene is 28,200 psi (Reference 1: Plastic 
Pipe Institute, PE Design Handbook).  The soil modulus should be lower than the deep 
burial, compacted value (Ms=3000 psi), but greater than a loose dump value (Ms=1,000 
psi), so an average was estimated to be Ms =2,000 psi 
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The SA is calculated as: 

𝑆𝑆𝐴𝐴 =
1.43𝑀𝑀𝑠𝑠𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝐸𝐸
=

1.43(2,000 𝑝𝑝𝑝𝑝𝑝𝑝)(2.25 𝑖𝑖𝑖𝑖𝑖𝑖ℎ)
(28,200 𝑝𝑝𝑝𝑝𝑝𝑝)(0.409 𝑖𝑖𝑖𝑖𝑖𝑖ℎ)

= 0.56 

The VAF is calculated as: 

𝑉𝑉𝑉𝑉𝑉𝑉 = 0.88 − 0.71
𝑆𝑆𝐴𝐴 − 1
𝑆𝑆𝐴𝐴 + 2.5

= 0.88 − 0.71
0.56 − 1

0.56 + 2.5
= 0.98 

Therefore, the influence of arching is negligible.  

For SDR pipe, with the live load assumed from the vehicle traffic, the compressive 
stress in the pipe wall from the overlying waste is calculated to be 

𝑆𝑆 = 𝑃𝑃𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆
288

= (2,585𝑝𝑝𝑝𝑝𝑝𝑝)(11)
288

= 99 𝑝𝑝𝑝𝑝f 

It can be seen that the maximum stress allowed for the perforation pattern using 
strength characteristics of the HDPE with a strength of 1,150 psi (PE4710) is: 

𝑆𝑆𝑃𝑃𝑃𝑃 = 𝑆𝑆𝑝𝑝(1 − 𝑆𝑆𝑟𝑟) = 1,150 𝑝𝑝𝑝𝑝𝑝𝑝 (1 − 0.015) = 1,133 𝑝𝑝𝑝𝑝𝑝𝑝  

Since the anticipated compressive wall stress for the SDR=11 under minimum cover 
and focused live load  conditions was 99 psi and less than the allowable compressive 
strength of 1,133 psi, the drainage pipe with SDR 11 meets the strength requirements. 

Summary for Leachate Collection Piping on the Trench Floor 

The approach was to evaluate the proposed High Density Polyethylene (HDPE) 
perforated drainage pipe necessary for leachate drainage in the floor of Trench 13 for 
potential damage under two conditions: 

• long term, at full burial and maximum stress, and 
• after construction, when soil cover over the piping is the thinnest and potential 

damage from vehicle surcharge loads is greatest. 

The analysis showed that the long term condition under maximum burial conditions 
yielded the greatest potential for piping damage, and was the criteria for pipe 
dimensions and perforation patterns.  Using a SDR=11 (PE 4710) for a 4-inch HDPE 
and a perforation pattern with two 3/8 inch holes per linear foot spaced at @ 45 degrees 
below the horizontal plane, the pipe yielded a satisfactory factor of safety. 

LDS HORIZONTAL COLLECTION PIPE 

The pipe burial analysis was repeated for the LDS collection pipe located in the base of 
the LDS sump.  Based on the findings of the leachate collection piping on the trench 
floor, the long term condition under maximum burial condition yields the greatest 



 Prepared by:  PAZ   Date:  4/16/15 
Checked by: CWK   Date:  5/22/15 

Page 18 of 25 

potential for piping damage.  For the LDS horizontal collection pipe with ½-inch 
perforations at 24 per foot in the sump, this condition is evaluated.  

Item Value Source 
Perforated HDPE 12 inch Design drawing 

Perforations 
1/2 inch diameter, 24 holes per 

foot, 6 holes @ 60 degrees 
around pipe every 3 inches 

Per Trench 12 design and 
proposed for Trench 13 design 

SDR 11  
Minimum burial depth 5 feet  
Maximum burial depth 100 feet  

Maximum Waste density 115 pcf  
Bedding material 1-1.5 inch crushed rock  

Poisson’s Ratio for crushed rock 0.35 CDOT, 2012 

Deep Burial with No Live Load 

The deep burial mode assumes only the static waste load acts on the drainage pipe.  
The influence of vehicle traffic is insignificant at the final depth of waste placement. 

Failure Mode: Ring Compression  

The vertical load for the waste at maximum burial is calculated as: 

𝑃𝑃𝑃𝑃 = 𝑤𝑤𝑤𝑤 = (100 𝑝𝑝𝑝𝑝𝑝𝑝)(20 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓) = 11,200
𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓2

= 77.8 𝑝𝑝𝑝𝑝𝑝𝑝 

Where: 
Pe = earth load pressure 
w = unit weight of the waste 
H = height of the waste 

The deep burial leads to reduction in the vertical loading from arching.  The first step in 
the analysis is compressive ring thrust associated with the vertical arching factor (VAF).  
The VAF is calculated from: 

𝑉𝑉𝑉𝑉𝑉𝑉 = 0.88 − 0.71
𝑆𝑆𝐴𝐴 − 1
𝑆𝑆𝐴𝐴 + 2.5

 

Where: 
SA = hoop thrust stiffness ratio, and is calculated using: 

𝑆𝑆𝐴𝐴
1.43𝑀𝑀𝑠𝑠𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝐸𝐸
 

Where: 
Ms = modulus of soil, psi 
rcent = radius to centroid of pipe, inches 
E = modulus of elasticity for pipe material, psi 
A = wall thickness for SDR pipe, inches 
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The centroid radius is calculated from the assumed material type and pipe dimensions.  
Pipe properties for 12 inch solid wall HDPE pipe (Reference 1: Plastic Pipe Institute, 
PE Design Handbook) are: 

 

For a 12 inch pipe with assumed SDR=11, the inside diameter is 10.66 inches.  The wall 
thickness is 1.200 inches.   

The long term modulus of elasticity for polyethylene is 28,200 psi (Reference 1: Plastic 
Pipe Institute, PE Design Handbook). 

The radius to the centroid axis of the 12-inch HDPE (Do = 13.2 inches) is 6.51 inches 

The SA is calculated as: 

𝑆𝑆𝐴𝐴 =
1.43𝑀𝑀𝑠𝑠𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐸𝐸𝐸𝐸
=

1.43(3,000 𝑝𝑝𝑝𝑝𝑝𝑝)(6.51 𝑖𝑖𝑖𝑖𝑖𝑖ℎ)
(28,200 𝑝𝑝𝑝𝑝𝑝𝑝)(1.200 𝑖𝑖𝑖𝑖𝑖𝑖ℎ)

= 0.83 

The VAF is calculated as: 

𝑉𝑉𝑉𝑉𝑉𝑉 = 0.88 − 0.71
𝑆𝑆𝐴𝐴 − 1
𝑆𝑆𝐴𝐴 + 2.5

= 0.88 − 0.71
0.83 − 1

0.83 + 2.5
= 0.92 

Therefore, the radial directed earth pressure can be found from  

𝑃𝑃𝑅𝑅𝑅𝑅 = (𝑉𝑉𝑉𝑉𝑉𝑉)𝑤𝑤𝑤𝑤 = (0.92)[(100 𝑝𝑝𝑝𝑝𝑝𝑝)(20 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓)] = 10,300 𝑝𝑝𝑝𝑝𝑝𝑝 

For SDR pipe, with no live load assumed because of the depth, the compressive stress 
in the pipe wall from the overlying waste is calculated to be 

𝑆𝑆 =
𝑃𝑃𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆

288
=

(10,300 𝑝𝑝𝑝𝑝𝑝𝑝)(11)
288

= 390 𝑝𝑝𝑝𝑝𝑝𝑝 

Since the backfill around the pipe is composed of sub-angular drain rock, the points 
impart a larger stress then calculated above. Brachman et al (2000) (Reference 4: 
Brachman, Local Strain on a Leachate Collection Pipe) suggest that a strain multiplier of 
1.5 be used.  The strain multiplier can be interpreted using: 
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𝐸𝐸 =
𝜎𝜎
𝜀𝜀

= 28,200 =  
390
𝜀𝜀

= 𝜀𝜀 = 0.014 

0.014 ∗ 1.5 =  0.021 

28,200 =
𝜎𝜎

0.021
= 𝜎𝜎 = 584 𝑝𝑝𝑝𝑝𝑝𝑝 

The perforation analysis involves evaluating the static and dynamic stresses that are put 
on the pipe.  The effects of perforations weaken the pipe compared to a solid pipe, and 
must be considered in the design.  

The Bureau of Reclamation (2009) examined pipe failure mechanisms associated with 
deep burial of PVC and HDPE in toe drains.  The reduction in strength associated with 
perforations in smooth wall HDPE was found to be function of the percent open area of 
the perforations to the pipe surface.   

The LDS horizontal collection pipe perforation specification is for a 24 – ½ inch holes 
every lineal foot, a total of 4.7 square inches per lineal foot.  While it does not matter for 
the strength assessment, for this calculation, the perforations are assumed to be 
uniformly spaced 6 holes @ 60 degrees around the pipe every 3 inches. The total 
perforated open area would be: 

𝑂𝑂𝑂𝑂 = 24𝜋𝜋
𝑑𝑑2

4
= 24𝜋𝜋

0.52

4
= 4.71 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑖𝑖𝑛𝑛𝑐𝑐ℎ𝑒𝑒𝑒𝑒 

Where 
OA = open area, square inches 
d = diameter of each perforation, inches 

The percent open area (POA) is calculated per linear foot of pipe as: 

𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑂𝑂𝑂𝑂
𝐴𝐴𝑝𝑝

=
4.71 𝑠𝑠𝑠𝑠 𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑒𝑒

12𝜋𝜋𝐷𝐷𝑂𝑂
=

4.71
12𝜋𝜋(13.2)

= 1.0% 

Where: 
POA = percent open area 
OA = perforation open area 
Ap = pipe surface area per linear foot 
DO = pipe outside diameter, inches 

The Bureau of Reclamation (Reference 5) report indicates that solid wall HDPE pipe 
experiences a strength reduction of about 15% for each percent open area.  This value 
should be used cautiously, as it is only based on one test sample in the laboratory.  
With that in mind, for the perforation pattern in the design specifications, the reduction in 
strength is estimated to be: 

𝑆𝑆𝑅𝑅 = 𝑃𝑃𝑃𝑃𝑃𝑃 ∗
15%

1% 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
= 1.0 ∗ 15 = 15% 
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Where: 
Sr = strength reduction from perforations 

Given the following properties (Reference 1: Plastic Pipe Institute, PE Design 
Handbook) 

 

It can be seen that the maximum stress allowed for the perforation pattern using 
strength characteristics of the strongest HDPE (PE 4710) and reducing that strength by 
effects of the perforations is: 

𝑆𝑆𝑃𝑃𝑃𝑃 = 𝑆𝑆𝑝𝑝(1 − 𝑆𝑆𝑟𝑟) = 1,150 𝑝𝑝𝑝𝑝𝑝𝑝 (1 − 0.15) = 980 𝑝𝑝𝑝𝑝𝑝𝑝  

Where: 
Spr = Allowable reduced pipe stress from perforations 
Sp = Allowable pipe stress 

Since the anticipated compressive wall stress for the SDR 11 under maximum waste 
burial conditions was 584 psi, less than the allowable reduced pipe stress from 
perforations of 980 psi, therefore SDR 11 will be sufficient. 

Failure Mode: Deflection 

The secant modulus is calculated assuming a Poisson’s Ratio, µ=0.35 (Reference 2: 
CDOT).  A table of typical values of the soil modulus (Ms) for various vertical soil stress 
values provides guidance on the effect of compaction on the material surrounding the 
LDS collection pipe.  The LDS sump is backfilled drain rock.  For this evaluation, gravel 
drain rock is approximately 1-1.5 inch gravel drain rock. 

A literature value of MS = 3000 psi (Reference 3: National Engineering Handbook, 
Chapter 52) for crushed rock with moderate compaction.   

The secant modulus is calculated from: 
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𝐸𝐸𝑠𝑠 =
𝑀𝑀𝑠𝑠(1 + µ)(1 − 2µ)

1 − µ
=

(3,000 𝑝𝑝𝑝𝑝𝑝𝑝)(1 + 0.35)(1 − 2(0.35))
(1 − 0.35)

= 1,870 𝑝𝑝𝑝𝑝𝑝𝑝 

The rigidity factor is 

𝑅𝑅𝐹𝐹 =
12(𝐸𝐸𝑠𝑠)(𝑆𝑆𝑆𝑆𝑆𝑆 − 1)3

𝐸𝐸
=

12(1,870 𝑝𝑝𝑝𝑝𝑝𝑝)(11 − 1)3

(28200)
= 795 𝑝𝑝𝑝𝑝𝑝𝑝 

The deformation factor (DF) is taken from the Watkins-Gaube graph. 

 

DF is estimated to be about 1.2 from the graph. 

As specified for the leachate collection piping, two waste densities were assumed; 
waste in the upper portion of the cell with a density of a 100 pcf, and waste in the lower 
portion of the cell that had been subjected to compaction with a slightly higher density of 
115 pcf.  The maximum design waste thickness in Trench 13 above he LDS horizontal 
drain pipe is 100 feet and the LDS horizontal drain pipe must be able to withstand the 
maximum design waste thickness.  For this calculation, it is assumed that the upper 20 
feet of waste are at the lower density and the lower 80 feet of waste are at the higher 
density, producing a load of about 11,200 pound per square foot.  The soil strain, εs, is 
calculated as: 

ε𝑆𝑆 =
𝑤𝑤𝑤𝑤

144𝐸𝐸𝑠𝑠
=

(100 𝑝𝑝𝑝𝑝𝑝𝑝)(20 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓)
144(1,870 𝑝𝑝𝑝𝑝𝑝𝑝)

= 0.042 = 4.2% 

So the deflections is estimated to be: 

Δ𝑋𝑋
𝐷𝐷𝑀𝑀

(100) = 𝐷𝐷𝐹𝐹𝜀𝜀𝑠𝑠 = (1.2)(4.2) = 5.0% 

Since the backfill around the pipe is composed of sub-angular crushed rock, the points 
impart a larger strain than that of a granular sand backfill.  Brachman et al (2000) 
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(Reference 4: Brachman, Local Strain on a Leachate Collection Pipe) suggest that a 
strain multiplier of 1.5 be used to account for that, yielding.   

𝐷𝐷𝐹𝐹𝜀𝜀𝑠𝑠 = (1.2)(4.2)(1.5) = 7.6% 

This deflection would result in 1.4% reduction in flow capacity (Reference 8: Fisher, 
PVC Pipe News) of the drainage pipe, and is considered acceptable.  Additionally, 
failures identified in the Bureau of Reclamation testing for solid wall perforated HDPE 
pipe occurred at 50% deflection (Reference 5: Bureau of Reclamation), far greater than 
the value calculated here. 

Failure Mode: Buckling 

Critical buckling is estimated from the Moore Selig equation: 

𝑃𝑃𝐶𝐶𝐶𝐶 =
2.4𝜑𝜑𝑅𝑅𝐻𝐻
𝐷𝐷𝑀𝑀

(𝐸𝐸𝐸𝐸)1 3� (𝐸𝐸𝑠𝑠∗)
2
3�  

Where: 
PCR = critical constrained buckling pressure, psi 
𝜑𝜑 = calibration factor, 0.55 for granular soils 
RH = geometry factor, (for deep burials, the Geometry Factor reverts to 1) 
E = apparent modulus of elasticity of pipe material, psi 
IPW = pipe wall moment of inertia 
Es* = Es/(1- 𝜇𝜇) 
Es = secant modulus of the soil, psi 
𝜇𝜇 = Poisson’s Ratio of Soil  
DM = Mean diameter 

Where the secant modulus  

𝐸𝐸𝑠𝑠∗ =
𝐸𝐸𝑠𝑠

(1 − 𝜇𝜇)
=

1,870 𝑝𝑝𝑝𝑝𝑝𝑝
(1 − 0.35)

= 2,877𝑝𝑝𝑝𝑝𝑝𝑝 

And the moment of inertia on the pipe wall is calculated to be: 

𝐼𝐼𝑃𝑃𝑃𝑃 =
𝑡𝑡3

12
=

1.2003

12
= 0.144 

Where t = SDR 11 wall thickness = 1.200 inch. 

Substituting into the equation: 

𝑃𝑃𝐶𝐶𝐶𝐶 =
2.4(0.55)(1)

(13.2 − 1.200)
(28,200 ∗ 0.144)1 3� (2,877)2 3�  

𝑃𝑃𝐶𝐶𝐶𝐶 = 355 𝑝𝑝𝑝𝑝𝑝𝑝 
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The design safety factor against buckling should be (Reference 6: National Engineering 
Handbook): 

2.5 when  𝐻𝐻

�𝐷𝐷𝑜𝑜 12� �
> 2 and 3.0 when 𝐻𝐻

�𝐷𝐷𝑜𝑜 12� �
< 2 

For the final waste configuration, a Safety Factor =2.5 is selected because the equation 
value is: 

100 𝑓𝑓𝑓𝑓
�13.2

12� �
= 91 > 2 

The safety factor is then calculated against buckling to be: 

𝑆𝑆𝑆𝑆 =
𝑃𝑃𝐶𝐶𝐶𝐶
𝑃𝑃𝐸𝐸

=
(355𝑝𝑝𝑝𝑝𝑝𝑝)(144)

(100 𝑝𝑝𝑝𝑝𝑝𝑝)(20 𝑓𝑓𝑓𝑓) + (115 𝑝𝑝𝑝𝑝𝑝𝑝)(80 𝑓𝑓𝑓𝑓)
= 4.6 

Therefore, the 12” diameter HDPE perforated pipe of SDR 11 with material properties 
equal to or greater than PE 4710 is suitable for long term use. 

Summary for LDS Horizontal Collection Pipe 

Based on the evaluation of leachate drainage piping in the floor of Trench 13, only SDR 
11 pipe was considered for the horizontal collection pipe in the LDS.  The calculation 
evaluated the proposed High Density Polyethylene (HDPE) perforated LDS pipe for 
potential damage under long term conditions, at full burial and maximum stress. 

The analysis showed that the long term condition under maximum burial conditions 
yielded the greatest potential for piping damage, and was the criteria for pipe 
dimensions and perforation patterns.  Using a SDR=11 (PE 4710) for a 12-inch HDPE 
and a perforation pattern with 24 ½-inch holes per linear foot spaced at @ 60 degrees 
around the pipe yielded a satisfactory factor of safety. 

CONCLUSION 

The LCRS centerline and lateral drain pipes shall be 4 inch diameter SDR 11 HDPE 
perforated pipe, with material properties equal or greater than PE 4710.  The specified 
perforations evaluated included two 3/8-inch holes equally spaced at 45 degrees below 
the horizontal plane, totaling 0.22 square inches of perforation every lineal foot.  The 
pipes shall be backfilled with drain rock and placed according to the design drawings. 

The LDS horizontal collection pipe shall be 12 inch diameter SDR 11 HDPE perforated 
pipe, with material properties equal or greater than PE 4710.  The specified perforations 
shall 24 ½-inch holes per lineal foot, or six ½-inch holes spaced equally at 60 degrees 
around the pipe and repeating every 3 inches, totaling 4.71 square inches of perforation 
every lineal foot.  The LDS horizontal collection pipe shall be backfilled with drain rock. 
  



 Prepared by:  PAZ   Date:  4/16/15 
Checked by: CWK   Date:  5/22/15 

Page 25 of 25 

REFERENCES 

AquAeTer, 2015, Draft Design Drawing NV13-15-10, LCRS and LDS Sump 
Details, 2 of 2, April 8, 2015. 

Brachman, R., Moore, I., and Rowe, R.  2000.  Local Strain on a Leachate 
Collection Pipe.  Canadian Journal of Civil Engineering.  Vol 27:1273-1285. 

Colorado Department of Transportation (CDOT), 2013, Pavement Structural 
Analysis and Design Training, Backcalculation of Deflection Data.  Meeting 
Handouts. 

Fisher, C.  The Effects of Deflection on Sewer Hydraulics.  www.uni-bell.org.  PVC 
Pipe News.  Summer 2007. 

Iles, K. and Eddy, A., 2014, How a Cost Effective Solution to Corrosion became 
the largest Domestic order of HDPE pipe, Poster. 

National Engineering Handbook.  Chapter 52: Structural Design of Flexible 
Conduits.  210-VI-NEH.  First Ed. 

Plastics Pipe Institute, 2005, Handbook of Polyethylene Pipe, Second Edition, 640 
p. 

Swihart, J. and Pabst, M., 2009, Physical Properties of Plastic Pipe Used in 
Reclamation Toe Drains, US Department of the Interior Bureau of Reclamation, 93 
p. 

US EPA, 1988, Lining of Waste Containment and Other Impoundment Facilities. 

Watkins, R.K., 1977, Minimum soil cover required over buried flexible cylinders, 
Interim Report, Utah State University, Logan UT. 

Yap, P, 1989, Truck Tire Types and Road Contact Pressures, Second 
International Symposium on Heavy Vehicle Weights and Dimensions, British 
Columbia. 

 

http://www.uni-bell.org/


 

REFERENCE 1: PLASTIC PIPE INSTITUTE, PE DESIGN HANDBOOK 

 

Equations as noted 

 

 



 REFERENCE 1 

 

Compressive Ring Thrust 

 

 



 REFERENCE 1 

Soil Arching 

 

 

Ring Deflection 

 

 



 REFERENCE 1 

 

Critical Buckling 



 

REFERENCE 2: CDOT 



 

REFERENCE 3: NATIONAL ENGINEERING HANDBOOK 

 



 

REFERENCE 4: BRACHMAN, LOCAL STRAIN ON A LEACHATE COLLECTION 
PIPE  

 



 

REFERENCE 5: BUREAU OF RECLAMATION 

 

 

 
 

 

 

 



  

 

 



 

REFERENCE 6: NATIONAL ENGINEERING HANDBOOK 

 

  



  

 

  



  

 

  



  

 



  

  



  

 
 

  



  

  



  

REFERENCE 7: YAP, TRUCK AND TIRE TYPES AND ROAD CONTACT 
PRESSURES 

 



  

 
  



  

REFERENCE 8:  FISHER, C.  THE EFFECTS OF DEFLECTION ON SEWER 
HYDRAULICS.  WWW.UNI-BELL.ORG.  PVC PIPE NEWS.  SUMMER 2007. 

 

http://www.uni-bell.org/


  

 



 optimizing environmental resources - water; air; earth 

CALCULATION SUMMARY SHEET Page 1 of 4 

PROJECT NUMBER: 143418  
PROJECT NAME: USEN – Trench 13 Design  
DATE: April 4, 2015  
CALCULATION NUMBER: C.06 Revision: 1 (March 11, 2016)  
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PURPOSE OF CALCULATION 

Determine the holding capacity of the LCRS and the LDS Sumps, with 1 foot of leachate 
in the Sump and within the boundaries of the Sump. 

METHOD 

Use Autocad Civil 3D and geometric analysis to determine volumes of LDS and LCRS 
Sumps. 

CALCULATION 

LDS 

Geometry:  The LDS sump pit has a floor dimension of 7.0 ft by 9.5 ft, is 1.5 ft deep with 
a 45 degree slope on the south side, and 27 degree slopes on the north, east, and west 
sides.  See Reference 1 

LDS Sump Pit Floor with 1 ft of Head 

• The area of the LDS sump with 1 foot of head in the sump pit = 125 ft2 
• The volume of the LDS sump pit with 1 foot of head was calculated by Autocad 

surface comparison to be 89 ft3. 

Holding Capacity:  Assume Porosity of gravel fill in sump pit at 37.5% (see Reference 3 
for sorted gravel).  Therefore the liquid holding capacity of the LDS within the limits of 
the sump is 89 ft3 x 37.5% = 34 ft3 = 250 gallons 

LDS Sump Pit 

The area calculated by polyline is 182.65 square feet. 

• The volume calculated by Autocad surface comparison = 180 ft3 

Holding Capacity:  Assume Porosity of gravel fill in sump pit at 37.5% (see Reference 3 
for sorted gravel).  Liquid holding capacity of LDS pit sump = 180 ft3 x 37.5% = 67.5 ft3 = 
505 gallons 

LDS Capacity within the Sump Limits 

The LDS includes the sump pit and geocomposite runout under the LCRS.  The 
geocomposite is 300 mils or 0.3 inches thick or 0.025 ft 

• The LDS geocomposite area, by Autocad polyline = 5,896 ft2. 

Holding Capacity:  The volume of the LDS geocomposite is 0.025 ft X 5,896 ft2 = 147 ft3 
or 1,102 gallons.  Assuming the geocomposite has a porosity of 80%, the liquid holding 
capacity of the LDS within the limits of the sump is 1,102 gallons x 80% = 882 gallons 
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Sump pit liquid holding volume (505) + geocomposite liquid holding volume (882 
gallons) = approximately 1,400 gallons. 
 

LCRS 

LCRS with 1 foot of Head on the Sump Floor 

Geometry:  The LCRS sump is 4.0 ft deep and filled with well sorted gravel.  See 
Reference 1.  

• The area of the LCRS sump pit with 1 foot of head, by Autocad Polyline = 973 ft2 
• The volume of 1 ft of liquid head in the sump determined from Autocad surface 

comparison = 552 ft3 (see Reference 2). 

Holding Capacity:  Assume Porosity of gravel fill in sump pit at 37.5%.  The liquid 
holding capacity of the LCRS sump with 1 foot of head on the sump pit floor is 552 ft3 x 
37.5% = 207 ft3 = approximately 1,550 gallons 

LCRS within the Sump Limits 

• The area of the LCRS sump calculated by AutoCad polyline = 5,896 ft2 
• The volume of the LCRS sump calculated by Autocad surface comparison = 

9,963 ft3 (see Reference 2). 

Holding Capacity:  Assume porosity of gravel fill in LCRS sump at 37.5%.  Liquid 
holding capacity of LCRS sump =9,963 ft3 x 37.5% = 3,736 ft3 = 27,950 gallons. 

Anticipated Maximum Flow to the LDS and LCRS 

Based on the findings of Calculation C.08, the ALR for the LDS is 150 gallons per acre 
day with a maximum flow to the LDS sump of 1,480 gallons per day (Phases A and E as 
calculated in Calculation C.08).   

Based on the findings of Calculation C.04, the maximum estimated flow to the LCRS 
just after Phase construction and after the operations layer has been installed is 23 
gallons per minute or approximately 33,000 gallons per day. 

CALCULATION RESULT 

With a maximum head of 1 ft on the secondary liner as measured in the sump pit, the 
LDS has the capacity to hold approximately 250 gallons of liquid.  The LDS Sump pit 
has the capacity to hold 505 gallons and the LDS Sump, within the Sump boundary has 
the capacity to hold 1,400 gallons.  The maximum liquid entering the LDS at the ALR is 
1,480 gallons per day. 

With a maximum head of 1 ft on the primary liner as measured in the sump pit, the 
LCRS has the capacity to hold approximately 1,550 gallons of leachate.  The capacity of 
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the LCRS at the sump perimeter is 27,950 gallons.  The maximum anticipated leachate 
entering the LCRS just after Phase construction (including the operations layer) and in 
conjunction with a 25 year/24 hour precipitation event is 33,120 gallons per day 

With leachate levels limited to no greater than 1.0 foot of head on the LDS and LCRS 
liners, liquid observations might be necessary more frequently than once a day during 
initial Phase operations.   
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REFERENCE 1 – SUMP GEOMETRY 

Typical Sump Plan View 

 

Typical Sump Profile View 

 

AutoCad Area at Sump Perimeter = 
5,896 ft2 



 

Typical Sump Transverse View 
 

 
  



 

 

REFERENCE 2 – AUTOCAD AREAS AND VOLUMES 

 

 
  

LDS Sump with 1 foot on Sump Floor

General
Minimum X coordinate 11714.96'
Minimum Y coordinate 7697.65'
Maximum X coordinate 11725.82'
Maximum Y coordinate 7709.38'

Minimum elevation 2692.50'
Maximum elevation 2693.50'

Mean elevation 2692.78'

2D surface area 125.04 Sq. Ft.

Volume
Base Surface LDS Sump pit with 1 ft

Comparison Surface LDS Sump Pit with 1ft Compare
Cut Factor 1
Fill Factor 1

Cut volume (adjusted) 0.00 Cu. Yd.
Fill volume (adjusted) 3.31 Cu. Yd.

Net volume (adjusted) 3.31 Cu. Yd.<Fill>
Cut volume (unadjusted) 0.00 Cu. Yd.
Fill volume (unadjusted) 3.31 Cu. Yd.

Net volume (unadjusted) 3.31 Cu. Yd.<Fill>
89                                                        cubic feet

669                                                      gallons



 

 
  

LDS Sump Volume - AutoCad

General
Minimum X coordinate 11713.96'
Minimum Y coordinate 7697.00'
Maximum X coordinate 11726.96'
Maximum Y coordinate 7711.05'

Minimum elevation 2692.50'
Maximum elevation 2694.39'

2D surface area 182.65 Sq. Ft.

Volume Base Surface LDS Sump Pit
Comparison Surface LDS Sump Pit Compare

Cut Factor 1
Fill Factor 1

Cut volume (adjusted) 0.00 Cu. Yd.
Fill volume (adjusted) 6.66 Cu. Yd.
Net volume (adjusted) 6.66 Cu. Yd.<Fill>

Cut volume (unadjusted) 0.00 Cu. Yd.
Fill volume (unadjusted) 6.66 Cu. Yd.
Net volume (unadjusted) 6.66 Cu. Yd.<Fill>

180                                                   cubic feet
1,345                                                Gallons



 

 

 

LCRS Sump Pit with 1 foot on Sump Floor

General
Minimum X coordinate 11691.31'
Minimum Y coordinate 7696.50'
Maximum X coordinate 11739.60'
Maximum Y coordinate 7721.14'

Minimum elevation 2694.00'
Maximum elevation 2695.00'

2D surface area 972.76 Sq. Ft.

Volume
Base Surface LCRS with 1 foot

Comparison Surface LCRS with 1 foot compare
Cut Factor 1
Fill Factor 1

Cut volume (adjusted) 0.00 Cu. Yd.
Fill volume (adjusted) 20.44 Cu. Yd.
Net volume (adjusted) 20.44 Cu. Yd.<Fill>

Cut volume (unadjusted) 0.00 Cu. Yd.
Fill volume (unadjusted) 20.44 Cu. Yd.
Net volume (unadjusted) 20.44 Cu. Yd.<Fill>

552                                                          cubic feet
4,129                                                       Gallons



 

 

LCRS Sump Volumes  - AutoCad

General
Maximum Y coordinate 7823.57'

Minimum elevation 2694.00'
Maximum elevation 2699.00'

Mean elevation 2697.74'

2D surface area 5895.74 sq ft
Volume

Base Surface LCRS
Comparison Surface LCRS Compare

Cut Factor 1
Fill Factor 1

Cut volume (adjusted) 0.00 Cu. Yd.
Fill volume (adjusted) 368.99 Cu. Yd.
Net volume (adjusted) 368.99 Cu. Yd.<Fill>

Cut volume (unadjusted) 0.00 Cu. Yd.
Fill volume (unadjusted) 368.99 Cu. Yd.
Net volume (unadjusted) 368.99 Cu. Yd.<Fill>

9,963                                             cubic feet
74,531                                           Gallons
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PURPOSE OF CALCULATION 
Determine if the bearing capacity of gravel in the LCRS sump has sufficient bearing 
capacity to hold the LCRS riser acting on the bearing plate in contact with the 
supporting gravel. 

METHOD 

Determine the weight of the LCRS riser acting on the bearing plate. 

Determine the area of the bearing plate acting on the gravel. 

Determine the bearing capacity of the gravel. 

CALCULATION 

Weight of LCRS riser 

Based on Reference 1, the weight of 12 inch schedule 40 carbon steel pipe is 53.57 
pound per foot.  The LCRS riser pipe is approximately 74 ft of vertical rise from the edge 
of slope at the trench crest (2768 ft NAVD88) to the base of the 4 feet LCRS  (2694 ft 
NAVD88).).  Assume an addition 5 ft of stickup will be provided, the total vertical 
distance is 79 feet.  At 0.5:1 slope the pipe length is 88 feet.  Therefore the total LCRS 
riser pipe weight is 4,714 pounds. 

Weight of LCRS Riser support 

Neglect weight of steel bearing plate and anchor bolts. 

Dimensions of concrete support and volume = 2.0 ft x 2.0 ft x 1.5 ft = 6 ft3 

Riser pipe set in the riser support = 𝐴𝑟𝑒𝑎 = 𝜋 ∗ (7 𝑖𝑛𝑐ℎ)2 = 154 inch2 or 1.1 ft2.  At 1.5 
feet in length, the riser pipe occupies a volume of 1.6 ft3.   

The total volume of concrete in the support is 6 ft3 minus 1.6 ft3 or 4.4 ft3.  Assuming a 
concrete density of approximately 145 pounds per ft3, the support will weigh 
approximately 638 pounds.   

Area of Concrete Acting on Gravel 

The base of the concrete is 2.0 ft x 2.0 ft or an area of 4 ft2.  The inset pipe has an area 
determined above of 1.1 ft2.  The concrete base acts on the gravel with an area of 4.0 ft2 
minus 1.1 ft2 or 2.9 ft2. 

Bearing Capacity of Gravel 

The bearing capacity of gravel is estimated at 200 kN/m2 (Reference 2) or 4,177 
pounds/ft2. 



Bearing Capacity of Gravel Used to Support LCRS Riser Prepared by:  CAB   Date:  04/03/15 
Calculation C.07 Checked by:  CWK  Date:  05/12/15  

Page 3 of 4 

 
CALCULATION RESULT 

Total weight of the riser pipe and riser support is 4,714 pounds + 638 pounds or 
approximately 5,352 pounds.  This weight acts on an area of the base of the concrete of 
2.9 ft2 yielding a pressure of 1,846 pounds per ft2.  The bearing capacity of the gravel is 
estimated at 4,177 pounds per ft2, or about 2.3 greater than the LCRS pipe and support 
weight.  Therefore, the gravel drain rock of the LCRS sump provides sufficient bearing 
capacity for the weight of the riser pipe and support block. 
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Figure 1 Typical Sump Cross Section 

 

Figure 2 Riser Support Block Detail 

 

 



 

 
 
 
 
 

REFERENCES 
 

Reference 1:  Steel Pipe Weights 
 
Reference 2:  Bearing Capacity of Common Earthen Materials (downloaded from 

http://environment.uwe.ac.uk/geocal/foundations/founbear.htm#BEARINGC
APACITY) 



PIPE DIMENSIONS AND WEIGHTS
Available in commercial and nuclear

NOMINAL 
PIPE SIZE

OD
SCHEDULE 

DESIGNATIONS
WALL  

THICKNESS
WEIGHT ID

INCH
MM

INCH
MM ASME INCH MM

LBS/ 
FOOT

KG/ 
METER INCH MM

5
125

5.563
141.3

5
10
STD
XS
120
160
XX

40
80

5S
10S
40S
80S

0.109
0.134
0.258
0.375
0.500
0.625
0.750

2.77
3.40
6.55
9.53

12.70
15.88
19.05

6.36
7.78

14.63
20.80
27.06
32.99
38.59

9.46
11.56
21.77
30.97
40.28
49.12
57.43

5.345
5.295
5.047
4.813
4.563
4.313
4.063

135.76
134.50
128.20
122.24
115.90
109.54
103.20

6
150

6.625
168.3

5
10

STD
XS
120
160
XX

40
80

5S
10S

40S
80S

0.109
0.134
0.188
0.280
0.432
0.562
0.719
0.864

2.77
3.40
4.78
7.11

10.97
14.27
18.26
21.95

7.59
9.30

12.94
18.99
28.60
36.43
45.39
53.21

11.31
13.83
19.28
28.26
42.56
54.21
67.57
79.22

6.407
6.357
6.249
6.065
5.761
5.501
5.187
4.897

162.76
161.50
158.74
154.08
146.36
139.76
131.78
124.40

7
175

7.625
193.7

STD
XS
XX

40
80

40S
80S

0.301
0.500
0.875

7.65
12.70
22.23

23.57
38.08
63.14

35.10
56.69
94.00

7.023
6.625
5.875

178.40
168.30
149.24

8
200

8.625
219.1 10

20
30
STD
60
XS
100
120
140
XX
160

40

80

5S
10S

40S

80S

0.109
0.148
0.250
0.277
0.322
0.406
0.500
0.594
0.719
0.812
0.875
0.906

2.77
3.76
6.35
7.04
8.18

10.31
12.70
15.09
18.26
20.62
22.23
23.01

9.92
13.41
22.38
24.72
28.58
35.67
43.43
51.00
60.77
67.82
72.49
74.76

14.78
19.97
33.32
36.82
42.55
53.09
64.64
75.92
90.44

100.93
107.93
111.27

8.407
8.329
8.125
8.071
7.981
7.813
7.625
7.437
7.187
7.001
6.875
6.813

213.56
211.58
206.40
205.02
202.74
198.48
193.70
188.92
182.58
177.86
174.64
173.08

9
225

9.625
244.5

STD
XS
XX

40
80

40S
80S

0.342
0.500
0.875

8.69
12.70
22.23

33.94
48.77
81.85

50.54
72.60

121.85

8.941
8.625
7.875

227.12
219.10
200.04

10
250

10.750
273.0

20
30
STD
XS
80
100
120
140
160

40
60

XX

5S
10S

40S
80S

0.134
0.165
0.188
0.250
0.307
0.365
0.500
0.594
0.719
0.844
1.000
1.125

3.40
4.19
4.78
6.35
7.80
9.27

12.70
15.09
18.26
21.44
25.40
28.58

15.21
18.67
21.23
28.06
34.27
40.52
54.79
64.49
77.10
89.38

104.23
115.75

22.61
27.78
31.62
41.76
51.01
60.29
81.53
95.98

114.71
133.01
155.10
172.27

10.482
10.420
10.374
10.250
10.136
10.020
9.750
9.562
9.312
9.062
8.750
8.500

266.20
264.62
263.44
260.30
257.40
254.46
247.60
242.82
236.48
230.12
222.20
215.84

11
275

11.750
298.5

STD
XS
XX

40
80

40S
80S

0.375
0.500
0.875

9.53
12.70
22.23

45.60
60.13

101.72

67.91
89.51

151.46

11.000
10.750
10.000

279.44
273.10
254.04

12
300

12.750
323.8

20
30
STD
40
XS
60
80
100
120
140
160

XX

5S
10S

40S

80S

0.156
0.180
0.188
0.250
0.330
0.375
0.406
0.500
0.562
0.688
0.844
1.000
1.125
1.312

3.96
4.57
4.78
6.35
8.38
9.53

10.31
12.70
14.27
17.48
21.44
25.40
28.58
33.32

21.00
24.19
25.25
33.41
43.81
49.61
53.57
65.48
73.22
88.71

107.42
125.61
139.81
160.42

31.24
35.98
37.61
49.71
65.19
73.86
79.71
97.44

108.93
132.05
159.87
186.92
208.08
238.69

12.438
12.390
12.374
12.250
12.090
12.000
11.938
11.750
11.626
11.374
11.062
10.750
10.500
10.126

315.88
314.66
314.24
311.10
307.04
304.74
303.18
298.40
295.26
288.84
280.92
273.00
266.64
257.16

14
350

14.000
355.6 10

20
STD
40
XS
60
80
100
120
140
160

30

10S

40S

80S

0.188
0.250
0.312
0.375
0.438
0.500
0.594
0.750
0.938
1.094
1.250
1.406

4.78
6.35
7.92
9.53

11.13
12.70
15.09
19.05
23.83
27.79
31.75
35.71

27.76
36.75
45.65
54.62
63.50
72.16
85.13

106.23
130.98
150.93
170.37
189.29

41.36
54.69
67.91
81.33
94.55

107.40
126.72
158.11
194.98
224.66
253.58
281.72

13.624
13.500
13.376
13.250
13.124
13.000
12.812
12.500
12.124
11.812
11.500
11.188

346.04
342.90
339.76
336.54
333.34
330.20
325.42
317.50
307.94
300.02
292.10
284.18

NOMINAL 
PIPE SIZE

OD
SCHEDULE 

DESIGNATIONS
WALL  

THICKNESS
WEIGHT ID

INCH
MM

INCH
MM ASME INCH MM

LBS/ 
FOOT

KG/ 
METER INCH MM

1/8
6

0.405
10.3

10
STD
XS

40
80

10S
40S
80S

0.049
0.068
0.095

1.24
1.73
2.41

0.19
0.24
0.31

0.28
0.37
0.47

0.307
0.269
0.215

7.82
6.84
5.84

1/4
8

0.540
13.7

10
STD
XS

40
80

10S
40S
80S

0.065
0.088
0.119

1.65
2.24
3.02

0.33
0.43
0.54

0.49
0.63
0.80

0.410
0.364
0.302

10.40
9.22
7.66

3/8
10

0.675
17.1

10
STD
XS

40
80

10S
40S
80S

0.065
0.091
0.126

1.65
2.31
3.20

0.42
0.57
0.74

0.63
0.84
1.10

0.545
0.493
0.423

13.80
12.48
10.70

1/2
15

0.840
21.3

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.065
0.083
0.109
0.147
0.188
0.294

1.65
2.11
2.77
3.73
4.78
7.47

0.54
0.67
0.85
1.09
1.31
1.72

0.80
1.00
1.27
1.62
1.95
2.55

0.710
0.674
0.622
0.546
0.464
0.252

18.00
17.08
15.76
13.84
11.74
6.36

3/4
20

1.050
26.7

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.065
0.083
0.113
0.154
0.219
0.308

1.65
2.11
2.87
3.91
5.56
7.82

0.69
0.86
1.13
1.48
1.95
2.44

1.03
1.28
1.69
2.20
2.90
3.64

0.920
0.884
0.824
0.742
0.612
0.434

23.40
22.48
20.96
18.88
15.58
11.06

1
25

1.315
33.4

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.065
0.109
0.133
0.179
0.250
0.358

1.65
2.77
3.38
4.55
6.35
9.09

0.87
1.41
1.68
2.17
2.85
3.66

1.29
2.09
2.50
3.24
4.24
5.45

1.185
1.097
1.049
0.957
0.815
0.599

30.10
27.86
26.64
24.30
20.70
15.22

1-1/4
32

1.660
42.2

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.065
0.109
0.140
0.191
0.250
0.382

1.65
2.77
3.56
4.85
6.35
9.70

1.11
1.81
2.27
3.00
3.77
5.22

1.65
2.69
3.39
4.47
5.61
7.77

1.530
1.442
1.380
1.278
1.160
0.896

38.90
36.66
35.08
32.50
29.50
22.80

1-1/2
40

1.900
48.3

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.065
0.109
0.145
0.200
0.281
0.400

1.65
2.77
3.68
5.08
7.14

10.15

1.28
2.09
2.72
3.63
4.86
6.41

1.90
3.11
4.05
5.41
7.25
9.55

1.770
1.682
1.610
1.500
1.338
1.100

45.00
42.76
40.94
38.14
34.02
28.00

2
50

2.375
60.3

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.065
0.109
0.154
0.218
0.344
0.436

1.65
2.77
3.91
5.54
8.74

11.07

1.61
2.64
3.66
5.03
7.47
9.04

2.39
3.93
5.44
7.48

11.11
13.44

2.245
2.157
2.067
1.939
1.687
1.503

57.00
54.76
52.48
49.22
42.82
38.16

2-1/2
65

2.875
73.0

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.083
0.120
0.203
0.276
0.375
0.552

2.11
3.05
5.16
7.01
9.53

14.02

2.48
3.53
5.80
7.67

10.02
13.71

3.69
5.26
8.63

11.41
14.92
20.39

2.709
2.635
2.469
2.323
2.125
1.771

68.78
66.90
62.68
58.98
53.94
44.96

3
80

3.500
88.9

5
10
STD
XS
160
XX

40
80

5S
10S
40S
80S

0.083
0.120
0.216
0.300
0.438
0.600

2.11
3.05
5.49
7.62

11.13
15.24

3.03
4.34
7.58

10.26
14.34
18.60

4.52
6.46

11.29
15.27
21.35
27.68

3.334
3.260
3.068
2.900
2.624
2.300

84.68
82.80
77.92
73.66
66.64
58.42

3-1/2
90

4.000
101.6

5
10
STD
XS
XX

40
80

5S
10S
40S
80S

0.083
0.120
0.226
0.318
0.636

2.11
3.05
5.74
8.08

16.15

3.48
4.98
9.12

12.52
22.87

5.18
7.41

13.57
18.64
34.03

3.834
3.760
3.548
3.364
2.728

97.38
95.50
90.12
85.44
69.30

4
100

4.500
114.3

5
10

STD
XS
120
160
XX

40
80

5S
10S

40S
80S

0.083
0.120
0.156
0.188
0.237
0.337
0.438
0.531
0.674

2.11
3.05
3.96
4.78
6.02
8.56

11.13
13.49
17.12

3.92
5.62
7.24
8.67

10.80
15.00
19.02
22.53
27.57

5.84
8.37

10.78
12.91
16.08
22.32
28.32
33.54
41.03

4.334
4.260
4.188
4.124
4.026
3.826
3.624
3.438
3.152

110.08
108.20
106.38
104.74
102.26
97.18
92.04
87.32
80.06

4-1/2
115

5.000
127.0

STD
XS
XX

40
80

40S
80S

0.247
0.355
0.710

6.27
9.02

18.03

12.55
17.63
32.56

18.67
26.24
48.45

4.506
4.290
3.580

114.46
108.96
90.94

Philadelphia Regional Center
2450 Wheatsheaf Lane
Philadelphia, PA 19137
O	 215-831-0700
F	 215-533-1645
E	 sales@tiogapipe.com

Houston Regional Center
616 FM 1960 W, Suite 700
Houston, TX 77090
O	713-433-2111
F	 281-397-0132
E	 sales@tiogapipe.com

Chattanooga Regional Center
1301 Riverfront Parkway, Suite 108
Chattanooga, TN 37402
O	 423-899-3398
F	 423-899-9695
E	 sales@tiogapipe.com
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Call the center of your choice for our 24-hour emergency service
tiogapipe.com

NOMINAL 
PIPE SIZE

OD
SCHEDULE 

DESIGNATIONS
WALL  

THICKNESS
WEIGHT ID

INCH
MM

INCH
MM ASME INCH MM

LBS/ 
FOOT

KG/ 
METER INCH MM

16
400

16.000
406.4 10

20
STD
XS
60
80
100
120
140
160

30
40

10S

40S
80S

0.188
0.250
0.312
0.375
0.500
0.656
0.844
1.031
1.219
1.438
1.594

4.78
6.35
7.92
9.53

12.70
16.66
21.44
26.19
30.96
36.53
40.49

31.78
42.09
52.32
62.64
82.85

107.60
136.74
164.98
192.61
223.85
245.48

47.34
62.65
77.83
93.27

123.31
160.13
203.54
245.57
286.66
333.21
365.38

15.624
15.500
15.376
15.250
15.000
14.688
14.312
13.938
13.562
13.124
12.812

396.84
393.70
390.56
387.34
381.00
373.08
363.52
354.02
344.48
333.34
325.42

18
450

18.000
457 10

20
STD
30
XS
40
60
80
100
120
140
160

10S

40S

80S

0.188
0.250
0.312
0.375
0.438
0.500
0.562
0.750
0.938
1.156
1.375
1.562
1.781

4.78
6.35
7.92
9.53

11.13
12.70
14.27
19.05
23.83
29.36
34.93
39.67
45.24

35.80
47.44
58.99
70.65
82.23
93.54

104.76
138.30
171.08
208.15
244.37
274.48
308.79

53.31
70.57
87.71

105.17
122.38
139.16
155.81
205.75
254.57
309.64
363.58
408.28
459.39

17.624
17.500
17.376
17.250
17.124
17.000
16.876
16.500
16.124
15.688
15.250
14.876
14.438

447.44
444.30
441.16
437.94
434.74
431.60
428.46
418.90
409.34
398.28
387.14
377.66
366.52

20
500

20.000
508 10

STD
XS
40
60
80
100
120
140
160

20
30

10S

40S
80S

0.218
0.250
0.375
0.500
0.594
0.812
1.031
1.281
1.500
1.750
1.969

5.54
6.35
9.53

12.70
15.09
20.62
26.19
32.54
38.10
44.45
50.01

46.10
52.78
78.67

104.23
123.23
166.56
209.06
256.34
296.65
341.41
379.53

68.61
78.56

117.15
155.13
183.43
247.84
311.19
381.55
441.52
508.15
564.85

19.564
19.500
19.250
19.000
18.812
18.376
17.938
17.438
17.000
16.500
16.062

496.92
495.30
488.94
482.60
477.82
466.76
455.62
442.92
431.80
419.10
407.98

22
550

22.000
559

STD
XS
60
80
100
120
140
160

10
20
30

10S

40S
80S

0.218
0.250
0.375
0.500
0.875
1.125
1.375
1.625
1.875
2.125

5.54
6.35
9.53

12.70
22.23
28.58
34.93
41.28
47.63
53.98

50.76
58.13
86.69

114.92
197.60
251.05
303.16
353.94
403.38
451.49

75.55
86.55

129.14
171.10
294.27
373.85
451.45
527.05
600.67
672.30

21.564
21.500
21.250
21.000
20.250
19.750
19.250
18.750
18.250
17.750

547.92
546.30
539.94
533.60
514.54
501.84
489.14
476.44
463.74
451.04

PIPING • TUBING • FITTINGS 
FLANGES • RELATED PRODUCTS

Type Seamless & Welded

Commodity Chrome • Stainless • Carbon • Low Temperature

Specifications A/SA335 • A/SA312 • A/SA213 • A/SA106 • A/SA53/API5L  
• A/SA333

Sizes (O.D.) 1/8” (3.175mm) - 60” (1524mm) (Larger ODs Available)

Grades Chrome: P1 •  P5 •  P9 •  P11 •  P22 •  P91 
Stainless: 304 •  304H •  304L •  316 •  316H •  316L •  316LN 
•  321 •  321H •  347 •  347H •  310 •  310s •  309 •  Alloy 20
Low Temp: Grade 1/6 •  Grade 3
Carbon: Grade B •  Grade C •  Galvanized

MILITARY SPEC PIPE & TUBING
Program MIL-I-45208A Quality Program • Approved Level 1 Supplier

Contact Tioga for U.S. Navy Specifications • Navy Nuclear • MIC Level 1 
 • Ultrasonic Testing

Fittings & Flanges All Fittings & Flanges to Match the Pipe

NUCLEAR MATERIALS
Program ASME Section III - ASME QSC 467

Specifications 10CFR50 Appendix B • N45.2 • NQA-1 • U.S. Navy Nuclear 
Specifications

Products Pipe • Tubing • Fittings • Flanges • Structurals • Fasteners 
• Forgings • Castings • Weld Rod • Plate

Grades Carbon • Stainless • Chrome Moly • Nickel Alloys • Duplex • 6 
Moly Alloys • Low Temperature • Special Melts  
• Copper & Titanium

NOMINAL 
PIPE SIZE

OD
SCHEDULE 

DESIGNATIONS
WALL  

THICKNESS
WEIGHT ID

INCH
MM

INCH
MM ASME INCH MM

LBS/ 
FOOT

KG/ 
METER INCH MM

24
600

24.000
610

10
STD
XS
30
40
60
80
100
120
140
160

20
10S
40S
80S

0.250
0.375
0.500
0.562
0.688
0.969
1.219
1.531
1.812
2.062
2.344

6.35
9.53

12.70
14.27
17.48
24.61
30.96
38.89
46.02
52.37
59.54

63.47
94.71

125.61
140.81
171.45
238.57
296.86
367.74
429.79
483.57
542.64

94.53
141.12
187.07
209.65
255.43
355.28
442.11
547.74
640.07
720.19
808.27

23.500
23.250
23.000
22.876
22.624
22.062
21.562
20.938
20.376
19.876
19.312

597.30
590.94
584.60
581.46
575.04
560.78
548.08
532.22
517.96
505.26
490.92

26
650

26.000
660 STD

XS

10
40S
80S

0.312
0.375
0.500

7.92
9.53

12.70

85.68
102.72
136.30

127.36
152.88
202.74

25.376
25.250
25.000

644.16
640.94
634.60

28
700

28.000
711 STD

XS

10

20
30

40S
80S

0.312
0.375
0.500
0.625

7.92
9.53

12.70
15.88

92.35
110.74
146.99
182.90

137.32
164.86
218.71
272.23

27.376
27.250
27.000
26.750

695.16
691.94
685.60
679.24

30
750

30.000
762 STD

XS

10

20
30

40S
80S

0.312
0.375
0.500
0.625

7.92
9.53

12.70
15.88

99.02
118.76
157.68
196.26

147.29
176.85
234.68
292.20

29.376
29.250
29.000
28.750

746.16
742.94
736.60
730.24

32
800

32.000
813 STD

XS

10

20
30
40

0.312
0.375
0.500
0.625
0.688

7.92
9.53

12.70
15.88
17.48

105.69
126.78
168.37
209.62
230.29

157.25
188.83
250.65
312.17
342.94

31.376
31.250
31.000
30.750
30.624

797.16
793.94
787.60
781.24
778.04

34
850

34.000
864 STD

XS

10

20
30
40

0.312
0.375
0.500
0.625
0.688

7.92
9.53

12.70
15.88
17.48

112.36
134.79
179.06
222.99
245.00

167.21
200.82
266.63
332.14
364.92

33.376
33.250
33.000
32.750
32.624

848.16
844.94
838.60
832.24
829.04

36
900

36.000
914 STD

XS

10 0.312
0.375
0.500

7.92
9.53

12.70

119.03
142.81
189.75

176.97
212.57
282.29

35.376
35.250
35.000

898.16
894.94
888.60

42
1050

42.000
1067

STD
XS

0.375
0.500
0.625
0.750

9.53
12.70
15.88
19.05

166.86
221.82
276.44
330.72

248.53
330.21
411.64
492.33

41.250
41.000
40.750
40.500

1047.94
1041.60
1035.24
1028.90

48
1200

48.000
1219

STD
XS

0.375
0.500

9.53
12.70

190.92
253.89

284.25
377.81

47.250
47.000

1199.94
1193.60

SPECIALTY ALLOYS
Type Seamless & Welded

Commodity Nickel • Duplex & Titanium

Specifications & 
Grades

Alloy 800 •  Alloy 825 •  Alloy 600 •  Alloy 625 •  Alloy 400  
•  6% Moly Grades •  Duplex A790 UNS 31803 •  316LN

Sizes (O.D.) 1/8” (3.175mm) - 8” (203.2mm)

Wall Dimensions 0.035” (.889mm) - 0.875” (22.23mm)

TIOGA SPECIALTIES
•	 Project Management
•	 24/7 Emergency Service
•	 Just-In-Time Programs
•	 Inventory in Stock
•	 All Schedule Walls
•	 Special Heavy Walls to 4” (101.6mm)
•	 Header Pipe to 4” Wall (101.6mm)
•	 Special Intermediate Walls
•	 Average & Minimum Walls
•	 Saw Cut up to 40” (1016mm)
•	 Cutting: Square & Miter
•	 Custom Lengths and OD’s
•	 End Preps-Various
•	 Hard to Find Metals & Sizes
•	 Se Habla Español
•	 Exceptional Mill/Sourcing Relations

•	 Dedicated Project Solution Teams
•	 Vendor Managed Inventory Programs
•	 Mobile On-Site Inventory Programs
•	 Quick Response Programs
•	 Low Total Cost Solutions
•	 International Export & Packaging
•	 EN PED 97/23/EC
•	 ISO 9001-2008
•	 MIC Level 1 Supplier
•	 In-House Testing
•	 Destructive Examination
•	 Non-Destructive Examination
•	 In-House Hydrostatic Testing
•	 Full EDI Capabilities
•	 Customized e-business Solutions
•	 Emergency Forged and Buttweld Fittings

Note: Actual dimensions can vary from the figures based on specifications/manufacturing 
tolerances. The Data for weight is based on the following calculation for wrought steel pipe:
LB/Foot = (Outside diameter [in.] – Wall Thickness [in.]) x (Wall Thickness [in.]) x (10.69)
KG/Meter = (Outside diameter [mm] – Wall Thickness [mm]) x (Wall Thickness [mm]) x (0.0246615)

Equal Opportunity Employer © Tioga Pipe, Inc. 12/2013
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Factor of safety Bearing capacity of shallow foundations


A factor of safety Fs is used to calculate the allowable bearing
capacity qa from the ultimate bearing pressure qf.
The
 value of Fs is usually taken to be 2.5 - 3.0.


The factor of safety should be applied only to the increase in stress,
i.e. the net bearing pressure qn. Calculating qa
from
 qf only satisfies the criterion of safety against shear
failure. However, a value for Fs of 2.5 - 3.0 is sufficiently
high to
 empirically limit settlement. It is for this reason that the factors
of safety used in foundation design are higher than in
 other areas of geotechnical
design. (For slopes, the factor of safety would typically be 1.3 - 1.4).

Experience has shown that the settlement of a typical foundation on
soft clay is likely to be acceptable if a factor of 2.5
 is used. Settlements
on stiff clay may be quite large even though ultimate bearing capacity
is relatively high, and so it
 may be appropriate to use a factor nearer
3.0.


Presumed bearing values Bearing capacity


For preliminary design purposes, BS 8004 gives presumed bearing values
which are the pressures which would
 normally result in an adequate factor
of safety against shear failure for particular soil types, but without
consideration
 of settlement.
Category Types of rocks and soils Presumed bearing value
Non-cohesive soils Dense gravel or dense sand and gravel >600 kN/m²

Medium dense gravel, 

or medium dense sand and gravel <200 to 600 kN/m² 

Loose gravel, or loose sand and gravel  <200 kN/m²
Compact sand >300 kN/m²
Medium dense sand 100 to 300 kN/m²

Loose sand <100 kN/m² depends on 
degree of looseness

Cohesive soils Very stiff bolder clays & hard clays 300 to 600 kN/m²
Stiff clays 150 to 300 kN/m² 
Firm clay  75 to 150 kN/m² 
Soft clays and silts  < 75 kN/m² 
Very soft clay  Not applicable

Peat Not applicable
Made ground Not applicable

Presumed bearing values for Keuper
Marl
Weathering Zone Description Presumed bearing value
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Fully weathered IVb Matrix only as cohesive soil

Partially weathered
IVa Matrix with occasional pellets less than 3mm 125 to 250 kN/m²
III Matrix with lithorelitics up to 25mm 250 to 500 kN/m²
II Angular blocks of unweathered marl with virtually no matrix 500 to 750 kN/m²

Unweathered 1 Mudstone (often not fissured) 750 to 1000 kN/m²

Bearing capacity of piles Bearing capacity

Driven piles in non-cohesive soil
Bored piles in non-cohesive soil
Driven piles in cohesive soil
Bored piles in cohesive soil
Carrying capacity of piles in a layered soil
Effects of ground water

The ultimate bearing
capacity of a pile used in design may be one three values:

the maximum load Qmax, at which further penetration
occurs without the load
 increasing;

a calculated value Qf given by the sum of the end-bearing
and shaft resistances;

or the load at which a settlement of 0.1 diameter occurs (when
Qmax is not clear).

For large-diameter piles, settlement can be large, therefore a safety
factor of 2-2.5 is
 usually used on the working load.


A pile loaded axially will carry the load:

partly by shear stresses (ts) generated
along the shaft of the pile and

partly by normal stresses (qb) generated at the base.


The ultimate capacity Qf of a pile is equal to the base capacity
Qb plus the shaft
 capacity Qs.

Qf  =  Qb + Qs  
=  Ab . qb + S(As
. ts)


where Ab is the area of the base and As is the surface
area of the shaft within a soil
 layer.

Full shaft capacity is mobilised at much smaller displacements than
those related to full base resistance. This is
 important when determining
the settlement response of a pile. The same overall bearing capacity may
be achieved with
 a variety of combinations of pile diameter and length.
However, a long slender pile may be shown to be more efficient
 than a short
stubby pile. Longer piles generate a larger proportion of their full capacity
by skin friction and so their full
 capacity can be mobilised at much lower
settlements.

The proportions of capacity contributed by skin friction and end bearing
do not just depend on the geometry of the pile.
 The type of construction
and the sequence of soil layers are important factors.
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PURPOSE OF CALCULATION 

Determine the flow carrying capacity of the 300-mil geocomposite drainage material in 
the leak detection system (LDS) portion of the liner system on the floor of Trench 13 
and determine the restrictions of flow associated with entry into the LDS Sump and 
restrictions on fluid removal.  The LDS flow rates will be used to determine the 
maximum design flow that the LDS can remove without the fluid head on the LDS Floor 
liner exceeding one foot, and an Action Leakage Rate (ALR).  The ALR is required by 
CFR 264.302.  Fluid accumulation equal to or exceeding the ALR will be used to trigger 
a response action.  

Determine the flow capacity of the LDS pump, capable of evacuating the flow from the 
sumps. 

METHOD 

Calculate the flow through the 300-mil geoocomposite, using average or literature-
specific reduction factors. 

Use the LDS Sump geometry to determine if flow restrictions exist at the entry to the 
sump. 

Assign a single action leakage rate (ALR) for each of the Trench 13 phases that is:  1) a 
rate that is greater than the amount expected for small leaks through the primary liner, 
and 2) a rate that is less than the capacity of the LDS Floor (geocomposite liner) and 
LDS Sump to transmit liquids without backups on the secondary liner exceeding one 
foot.   

ANALYSIS 

Applicable Regulations 

The regulatory definition of the ALR is the maximum design flow rate that the LDS can 
remove without the fluid head on the bottom (secondary composite) liner exceeding one 
foot.  The action leakage rate must include an adequate safety margin to allow for 
uncertainties in the design (e.g., slope, hydraulic conductivity, thickness of drainage 
material), construction, operation, and location of the LDS, waste and leachate 
characteristics, likelihood and amounts of other sources of liquids in the LDS, and 
proposed response actions (e.g., the action leakage rate must consider decreases in 
the flow capacity of the system over time resulting from siltation and clogging, rib 
layover and creep of synthetic components of the system, overburden pressures, etc.). 

Geometry 

The typical bottom liner is shown below. 
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Figure 1  Typical Trench 13 Floor Components 

 

There are five sumps in the Trench 13 design.  The typical geometry is shown below.   

Figure 2 Typical Sump Plan 

 

 

Flow Capacities 

A single, continuous layer of double-sided geocomposite (300-mil, References 1a, 1b, 
and 1c) will be used in the LDS system to transmit fluids escaping the primary drainage 
and liner system and entering the secondary drainage system were they can be 
transmitted to the LDS sump for collection and removal.  The trench floor components 
and the sump layout are shown in Figure 1 and Figure 2, respectively.  Flow within the 
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LDS is controlled by the minimum bottom slope of the landfill trench floor slope and the 
geometry of the sump entry.   

Flow within the geocomposite is calculated using Darcy’s Law (which assumes laminar 
flow).   

iqreported ∗Θ=  

Where  
q reported = flow per unit width, based on reported material transmissivity 

Θ  = transmissivity as reported by the material manufacturers 

i = hydraulic gradient 

The flow-carrying capacity of the geocomposite is assumed to be equal to material test 
values, as reported by the manufacturer (i.e., transmissivity values provided by the 
manufacturers as included in References 1a, 1b, and 1c).  In actual use as a landfill 
liner system component, the capacity of the material decreases over time in response 
to elastic deformation, creep, chemical, and biological factors.  Although these factors 
likely only begin to apply at a point late in the life of the landfill, to make the calculation 
of flow-carrying capacity appropriately conservative, these factors are considered (as 
shown below) to reduce the manufacturer’s determination of material property 
throughout the life of the system.   

Reduction factors are taken from the literature Designing with Geosynthetics, Koerner 
1998 (Reference 2) or from a manufacturer’s recommendations for a specific material 
type (GSE, 2007, Reference 3).   

Flow capacities are shown at hydraulic gradients of 2 percent and 7.1 percent for the 
nominal cell bottom slope and the minimum sump slope, respectively.  Gravel is used 
within the sump boundaries around the riser pipes.  In gravel, flow capacities will 
exceed those of the geocomposite; but, flow rates in gravel are not considered in this 
evaluation. 

The following formula (Reference 2) is used to estimate allowable flow per unit width 
for the geocomposite.  Because the geonet transmissivity test data from the 
manufacturer is for short duration testing, the effective flow equation using four 
reduction factors is applied.  Koerner recommends the use of average reduction values 
in the absence of additional information regarding geocomposite behavior.   

( )BCCCCRin
reportedallow RFRFRFRF

qq
×××

=
1  

where: 

qallow = allowable flow rate under long term design conditions 
qreported = manufacturer short term test flow rate 
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RFIN = reduction factor to flow caused by intrusion of adjacent geosynthetics into 
geonet 

RFCR = reduction factor to flow caused by geonet elastic deformation (creep) 
RFCC = reduction factor to flow caused by chemical precipitation clogging 
RFBC = reduction factor to flow caused by biological clogging 

The following table shows the unit flow capacity (qallow) for the geocomposite based on 
the applicable transmissivity, hydraulic gradients, calculated volumetric flow based on 
manufacturers test data for transmissivity, and reduction factors.  The creep reduction 
factor for long-term application at the final design loading of about 15,000 psf was 
selected as 1.19 based on literature test values (GSE, 2007, Reference 3), so this 
value was used rather than the average range. 

Flow Element Θ i qreported qreported FSIN FSCR FSCC FSBC qallow qallow 

Units m2/s m/m m3/s/m gal/min/ft NA NA NA NA gal/min/ft gal/day/ft 
Floor LDS Geocomposite – 
300 mil with double layer of 

8oz/yd geotextile 
9x10-4 

0.02 0.000018 0.087 1.75 1.19 1.75 1.75 0.0136 20 

Sump LDS Geocomposite – 
300 mil with double layer of 

8oz/yd geotextile 
9x10-4 

0.071 6.39E-05 0.305 1.75 1.19 1.75 1.75 0.0478 69 

Controlling Section at 2% to 7.1% Grade Break at Outer Sump Entry 

A potential choke point (small flow window) occurs at the perimeter of the grade break 
between the main landfill cell floor (2% minimum slope) and the entry slope of the outer 
sump area (7.1% minimum slope).  

The sump has a perimeter of 204 feet at the grade break between 2% and 7.1% slope, 
refer to Figure 2.  This dimension does not include the sump side that is against the 
sidewall because little flow is contributed from the sidewall, the sidewall slope is steep 
(increasing flow), and a double-thickness of geocomposite is installed at the 
sidewall/floor transition.  The following table shows the volume of flow the system can 
handle at the sump entry without backups occurring on the liner. 

Volumetric Flow 
(qallow) 

Sump Perimeter 
Length Total Flow Maximum Phase Size Flow 

gal/day/ft feet gal/day acres gal/acre/day 

20 204 4,080 9.88 413 

Controlling Section at 7.1% Grade Break at Main Sump Entry 

A second potential choke point occurs at the perimeter of the extraction portion of the 
LDS sump (7.1% minimum slope) and the area immediately surrounding the LDS riser 
pipe.  
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Figure 3 Perimeter of LDS Sump 

 

At the lowest sump area (around the LDS riser pipe), the sump has a perimeter of 22.5 
feet (not including the sump side that is against the sidewall) as shown in Figure 3.  
The following table shows the volume of flow the system can handle at the sump entry 
without backups occurring on the liner. 

Volumetric Flow 
(qallow) 

Sump Perimeter 
Length at Base Total Flow Maximum Phase Size Flow 

gal/day/ft feet gal/day acres gal/acre/day 

69 26 1,790 9.88 182 

Estimate of Possible Leakage from Installation Defects and Diffusion of Liquids through 
the Primary Liner 

Minor liner defects and construction damage should be considered unavoidable.  
Research has shown that for even small holes, less than 0.1 inches in diameter, up to 
100 gallons per day can result from a head of 1 foot (Reference 4).   

Trench 13 ALR 

The ALR for Trench 13 should be set to ensure that leachate heads greater than 1 foot 
above the liner do not occur.  Therefore, the flow entering the sump becomes the 
limiting factor.  As presented above, this amount occurs at the potential choke point 
were leachate enters the area immediately surrounding the LDS riser pipe at the main 
sump entry or 182 gallons per acre day.  For conservatism, and consistent with Trench 
12 ALR, a value of 150 gallons per acre day will be applied.   
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Sump 
Phase Area 

(acres) 
ALR 

(gpad) 
Flow into Sump at ALR 

(gpd) 
Phases 13 A and E 9.88 150 1,480 

Phases 13 B,C, and D 9.16 150 1,370 

LDS Pump 

Since the maximum flow to the sump is approximately 1,480 gallons per day (Sump 
13A, 13E - ALR), a pump with a capacity of at least 1.1 gpm and a 114 feet, (total head 
recommended for the LCRS, Calculation C.04) of dynamic head (lift) is recommended.  
It is anticipated that liquid will be allowed to accumulate in the LDS until sufficient 
volume is present to be efficiently removed with a pump.  Thus, with a continuous leak, 
daily liquid removal would be necessary.   

RESULT 

Flow through the 300-mil double-sided geocomposite at a 2.0 percent slope up to the 
perimeter of the sump (at the grade break) provides sufficient flow to meet the ALR 
requirements for each of the five Trench 13 sumps (i.e., the same ALR for each sump).  
Flow through the 300-mil double-sided geocomposite at a 7.1 percent gradient up to the 
perimeter of the main LDS sump entry is controlling.  An ALR of 150 gallons per acre 
day, for each of the five phases of Trench 13 is less than the volume that would cause 
backups of leachate on the liner exceeding 1.0 foot.  Therefore, the LDS system can 
identify leaks prior to backups occurring.  

A pump capable of extracting at least 1.1 gpm at 114 feet of dynamic head is 
recommended for the LDS. 
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300 mil Geocomposite

Geonet Component
 (1)

Property Test Method Minimum  Average Roll Value

Thickness, mil (mm) ASTM D5199 300 (7.6)

Geotextile Component
(1) 

 

Property  Test Method Minimum  Average Roll Value

Mass per Unit Area, oz. /sq. yd. (g/m2) ASTM D5261 6.0 (203) 8.0 (271) 10.0 (339) 

Grab Tensile Strength, lbs.(N) ASTM D4632 170 (757) 220 (979) 270 (1200) 

Grab Elongation, % ASTM D4632 50 50 50 

Trapezoidal Tear, lbs. (N) ASTM D4533 65 (289) 95 (423) 105 (467) 

CBR Puncture , lbs (N) ASTM D6241 435 (1935) 600 (2670) 725 (3230) 

Puncture, lbs. (N) ASTM D4833 90 (398) 120 (530) 165 (730) 

Permittivity(3), sec.-1 ASTM D4491 1.5 1.3 1.1 

Water Flow, (3) gpm./ ft2 (l/min/m2) ASTM D4491 110 (4479) 95 (3895) 80 (3280) 

AOS, U.S. Sieve max (mm)(3) ASTM D4751 70 (0.212) 80 (0.180) 100 (0.150) 

Geocomposite

Property Test Method Minimum  Average Roll Value 

Ply Adhesion, lbs./ in. (g/cm) ASTM D7005 1 (178) 1 (178) 1 (178) 

Transmissivity (2), m2/sec. (gal/min/ft) ASTM D4716 9 x 10
-4 (4.3) 9 x 10

-4 (4.3) 7 x 10
-4 (3.4)

SingleASTM D4716 3 x 10-3 (14.5)   3 x 10-3 (14.5) 2 x 10-3 (9.6)

Supply Information 

Standard Roll Length
(4) 

at Fabric Weight 6-oz 8-oz    10-oz 

Double Sided 160 150 140

Single Sided 180 180 170

Notes:    
(1) Component properties are prior to lamination
(2) Geonet & Geocomposite . Transmissivity at 21°C,  gradient of 0.1, load of 10,000psf, seat time 15 min. between steel  plates. 
(3) At time of manufacture. Handling may change  these  properties.
(4) All roll widths are 14.5 feet. All roll lengths and widths have a tolerance of ±1% 
(5) UV Resistance after 500 hours for the geotextile componet exhibits 70% strength retained via ASTM D4355

All information, recommendations and suggestions appearing in this literature concerning the use of our products are based upon tests and data believed to be 
reliable; however, it is the user’s responsibility to determine the suitability for their own use of the products described herein. Since the actual use by others is beyond 
our control,  no guarantee or warranty of any kind, expressed or implied, is made by Agru /America as to the effects of such use or the results to be obtained, nor does 
Agru /America assume any liability in connection herewith. Any statement made herein may not be absolutely complete since additional information may be necessary 
or desirable when particular or exceptional conditions or circumstances exist or because of applicable laws or government regulations. Nothing herein is to be 
construed as permission or as a recommendation to infringe any patent. 

500 Garrison Road, Georgetown, South Carolina 29440  (843) 546-0600       (800) 373-2478  Fax: (843) 527-2738 
email: salesmkg@agruamerica.com  www.agruamerica.com 

© Agru America, Inc. 8.14

Peak Tensile Strength MD, lbs./ in. (N/mm)    ASTM D5035/7179 75 (13.3)

Density, g/cm3 ASTM D792, Method B 0.94 

Carbon Black Content (%) ASTM D4218 2 - 3 

Transmissivity(2), m2/sec. (gal/min/ft) ASTM D4716 8 x 10-3 (38.6)

Double

Frequency
50,000 sf

Frequency
100,000 sf
100,000 sf
100,000 sf
100,000 sf
500,000 sf
100,000 sf
500,000 sf
500,000 sf
500,000 sf

Frequency
50,000 sf
500,000 sf

500,000 sf

50,000 sf
50,000 sf
50,000 sf
500,000 sf
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PRODUCT DATA SHEET

AT THE CORE:
A 300 mil thick GSE 

HyperNet geonet heat-

laminated on one or both 

sides with a nonwoven 

needlepunched geotextile.

GSE FabriNet 300 mil Geocomposite
GSE FabriNet 300 mil geocomposite consists of a 300 mil thick GSE HyperNet geonet 

heat-laminated on one or both sides with a GSE nonwoven needlepunched geotextile. 

The geotextile is available in mass per unit area range of 6 oz/yd2 to 16 oz/yd2. The 

geocomposite is designed and formulated to perform drainage function under a range of 

anticipated site loads, gradients and boundary conditions.

Product Specifications 	
Tested Property Test Method Frequency Minimum Average Roll Value(1)

Geocomposite 6 oz/yd2 8 oz/yd2 10 oz/yd2

Transmissivity(2), gal/min/ft (m2/sec)
Double-Sided Composite 
Single-Sided Composite

ASTM D 4716 1/540,000 ft2

4.3 (9 x 10-4)
14.5 (3 x 10-3)

4.3 (9 x 10-4)
14.5 (3 x 10-3)

3.4 (7 x 10-4)
9.6 (2 x 10-3)

Ply Adhesion, lb/in ASTM D 7005 1/50,000 ft2 1.0 1.0 1.0

Geonet Core (1,3) – GSE HyperNet

Geonet Core Thickness, mil ASTM D 5199 1/50,000 ft2 300 300 300

Transmissivity(2), gal/min/ft (m2/sec) ASTM D 4716 38.6 (8 x 10-3) 38.6 (8 x 10-3) 38.6 (8 x 10-3)

Density, g/cm3 ASTM D 1505 1/50,000 ft2 0.94 0.94 0.94

Tensile Strength (MD), lb/in ASTM D 7179 1/50,000 ft2 75 75 75

Carbon Black Content, % ASTM D 4218 1/50,000 ft2 2.0 2.0 2.0

Geotextile(1,3)

Mass per Unit Area, oz/yd2 ASTM D 5261 1/90,000 ft2 6 8 10

Grab Tensile Strength, lb ASTM D 4632 1/90,000 ft2 160 220 260

Grab Elongation ASTM D 4632 1/90,000 ft2 50% 50% 50%

CBR Puncture Strength, lb ASTM D 6241 1/540,000 ft2 435 575 725

Trapezoidal Tear Strength, lb ASTM D 4533 1/90,000 ft2 65 90 100

AOS, US sieve(1) (mm) ASTM D 4751 1/540,000 ft2 70 (0.212) 80 (0.180) 100 (0.150)

Permittivity, sec-1 ASTM D 4491 1/540,000 ft2 1.5 1.3 1.0

Water Flow Rate, gpm/ft2 ASTM D 4491 1/540,000 ft2 110 95 75

UV Resistance, % retained ASTM D 4355
(after 500 hours)

per formulation 70 70 70

NOMINAL ROLL DIMENSIONS(4)

Roll Width, ft 15 15 15

Roll Length, ft
Double-Sided Composite 
Single-Sided Composite

180
220

170 
220

160 
200

Roll Area, ft2 Double-Sided Composite 
Single-Sided Composite

2,700
3,300

2,550 
3,300

2,400
3,000

NOTES:

•	(1)All geotextile properties are minimum average roll values except AOS which is maximum average roll value and UV resistance is typical value. Geonet core

thickness is nominal value.

•	(2)Gradient of 0.1, normal load of 10,000 psf, water at 70˚F between steel plates for 15 minutes. Contact GSE for performance transmissivity value for use in design.

•	(3)Component properties prior to lamination.

•	(4)Roll widths and lengths have a tolerance of ±1%.

GSE is a leading manufacturer and marketer of geosynthetic lining products and services. We’ve 
built a reputation of reliability through our dedication to providing consistency of product, price 
and protection to our global customers.

Our commitment to innovation, our focus on quality and our industry expertise allow  
us the flexibility to collaborate with our clients to develop a custom, purpose-fit solution.

For more information on this product and others, please visit us at 
GSEworld.com, call 800.435.2008 or contact your local sales office.

This Information is provided for reference purposes only and is not intended as a warranty or guarantee. GSE assumes no liability in connection with the use of this Information. 
Specifications subject to change without notice. GSE and other trademarks in this document are registered trademarks of GSE Environmental, LLC in the United States and certain foreign 
countries. REV 04JUN2014
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Skaps Industries, Inc.
3985 Steve Reynolds Blvd  

Norcross, GA  30093 
Phone (770)564-1857 

DRAINAGE PRODUCT DESCRIPTION SHEET 
US Ecology Nevada, Inc. 

TRANSNET 330-2-8 

Transnet 330-2-8 is a superior quality drainage media made by extruding two sets of HDPE strands together to form a diamond shaped 
net.  The net is then heat laminated to an 8 ounce non-woven fabric.  This three dimensional structure provides excellent planar liquid 
flow.  The Transnet 330-2-8 conforms to the physical property values listed below: 

NET PROPERTY TEST METHOD UNITS MINIMUM AVERAGE ROLL VALUE 

Mass Per Unit Area ASTM D-5261 lbs/ft2 0.300 

Thickness ASTM D-5199 mils 330 +/- 30 

Density of Polymer ASTM D-1505 g/cm2 0.94 

Carbon Black ASTM D-1603 % 2 

Transmissivity (Geocomposite) ASTM D-4716 Gpm/ft2 4.35 

Transmissivity (Geonet) ASTM D-4716 Gpm/ft2 38.64 

Tensile Strength ASTM D-5035 lbs/in 75 

Ply Adhesion GRI GC7 Lbs/in 1.0 
*Transmissivity measured using water at 20 Degrees C with a gradient of 0.02, between 2 steel plates, under a confining pressure of
10,000 psf after fifteen minutes.  Values may vary based on dimension of the transmissivity specimen and specific laboratory. 

STYLE GE-180 
GE-180 is a superior quality, nonwoven geotextile produced by needlepunching together 100% polypropylene staple fibers in a random 
network to form a high strength dimensionally stable fabric.  The polypropylene fibers are specially formulated to resist ultraviolet light 
deterioration, and are inert to commonly encountered soil chemicals.  The fabric will not mildew, is non-biodegradable, and is resistant 
to damage from insects and rodents.  Polypropylene is stable within a ph range of 2 to 13.  GE180 conforms to the physical property 
values below: 

FABRIC PROPERTY TEST METHOD UNITS MINIMUM AVERAGE ROLL VALUE 

Weight ASTM D-5261 oz 8.0 

Grab Tensile ASTM D-4632 lbs 220 

Grab Elongation ASTM D-4632 % 50 

Puncture ASTM D-4833 lbs 120 

Water Flow Rate ATMD D-4491 gpm/ft2 100 

Permittivity* ASTM D-4491 sec-1 1.26 

AOS ASTM D-4751 US Sieve 80 (max) 
*At time of manufacturing.  Handling may change these properties.

To the best of our knowledge the information contained herein is accurate.  However, ESP, Inc. cannot anticipate all conditions under which ESP’s product 
information and our products, or the products of other manufacturers in combination with our products, may be used.  We accept no responsibility for results 
obtained by the application of this information or the safety or suitability of our products either alone or in combination with other products.  Final determination 
of the suitability of any information or material for the use contemplated, of its manner of use, and whether the suggested use infringes any patents is the sole 
responsibility of the user. 

REFERENCE 1c

CBolin
Line



REFERENCE 2



REFERENCE 2

CKeener
Line



REFERENCE 2

CKeener
Line



REFERENCE 3



REFERENCE 3



A new sensible approach: Are we specifying action leakage rates or 
actionable leakage rates?
Geosyntheticsmagazine.com | September 2, 2009

By Glenn T. Darilek and Daren L. Laine

Introduction

The logical criteria for specifying an action leakage rate (ALR) is not whether a certain rate is achievable with good construction 
practices, but whether there is a practical solution if the ALR is not achieved.

Specifying a low ALR can be a disaster if the source of the leakage cannot be located or logically explained. In that case, there is no 
practical solution other than to reline the facility and hope that the leak rate of the new geomembrane does not also exceed the low 
ALR.

When specifying an action leakage rate, it should not necessitate legal actions if the specification cannot be achieved with the existing 
technology. The practical approach is to specify an ALR to be compatible with the leak rate that would be caused by a leak (or leaks) 
that can be reliably located using geoelectric leak-location methods.

Mathematical models

This article illustrates the use of a mathematical model of the geoelectric leak signal vs. size of the leak, and a mathematical model of 
the leak rate vs. size of the leak to give a new perspective of what is achievable and what is unrealistic for the specification of action 
leakage rates.

The geoelectric leak signal model takes into consideration the geomembrane thickness, leak diameter, and the survey parameters, and 
assumes that the resistivity of the material in the leak and the resistivity of

the materials above and below the leak are all the same. General articles about action leakage rates are posted by George Yazdani at 
www.poly-flex.com and by Ian Peggs at www.geosynthetica.net.

Action leakage rates should be specified to correspond to the leak rate that would be observed from the smallest reliably-detectable 
leak. Actually, even with such a specification, one assumes that the leakage is from one leak and not from many smaller undetectable 
leaks. The unsolvable problem continues to exist if the leakage is from a multitude of smaller undetectable leaks. So a safety factor 
must be applied to cover that contingency.

Water-filled impoundments

For geoelectric leak-location surveys, with only water covering the geomembrane and with the usually-specified ALRs, there is no 
problem currently because a properly-applied geoelectric survey can locate the very small leaks that would contribute to the ALRs.

Figure 1 shows a graph of the free flow leakage rate vs. the leak signal for some typical leak-location survey parameters for surveys with 
water on the geomembrane. 

This is only an illustration. Actual survey parameters will be different.

Because the geoelectric leak signal is related to the leak diameter, Figure 1 also has scales that correspond to the leak diameters that 
would cause the leak signals. Note that the leak diameter scales are not linear with the leak signal. ASTM D7007 currently specifies a 
1.3mm (0.05in.) test leak.
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Assuming free flow, which is the case with a properly designed leak-detection system, the graph shows that the leak rate from such a 
leak is about 80 and 180 gallons per day for water depths of 1m (3.3ft) and 5m (16ft), respectively. Such a leak is very practical to 
detect, and those leak rates are typically a fraction of the usual ALR for water-filled impoundments.

This illustration is for only one leak. For large impoundments, it is reasonable to assume there would be multiple leaks. If one would 
expect one leak per acre (0.4 hectare), the illustration can be extrapolated to multi-acre impoundments by using the dimensions of 
gallons per acre per day (gpa/d) instead of gallons per day (gpd). However, one cannot logically interpolate for impoundments less 
than one acre, because that would result in a leak rate that may not be located using leak-location methods. 

In general, this analysis suggests that typical ALRs could be made more stringent for ponds larger than one acre.

Impoundments and landfills with earth materials on the geomembrane

The problem gets much more interesting with earth materials covering the geomembrane.

Specifying an ALR that is too low for a geomembrane covered with earth materials can result in a problem with no practical solution. 
This is because the geoelectric leak-detection sensitivity is lower with earth materials on the geomembrane.

The thickness of the earth materials prevents detection of the smallest leaks for two reasons. One is that the leak-detection 
measurements are made from a greater distance from the leaks. This distance is at least the depth of the earth materials. Secondly, 
there is much more measurement noise when making the measurements on the earth materials.

Figure 2 shows a graph of the leak rate vs. leak signal for some typical leak-location survey parameters with earth materials on the 
geomembrane.

Again, this is only an illustration. The corresponding leak diameters are again shown on the abscissa. ASTM D7007 currently specifies 
a 6mm (0.236in.) test leak.

Assuming free flow, which is often the case with granular drainage materials or some geosynthetic materials above and below the 
geomembrane, the graph shows the leak rate from such a leak is about 950 and 1,700 gallons per day for typical hydrostatic heads of 
0.3m (1ft) and 1m (3.3ft), respectively.

Such a leak is usually practical to detect, but these leakage rates are typically more than an order of magnitude higher than some 
present ALRs for landfills. This illustration shows that the existing typical ALRs can be unrealistic and can result in disastrous 
consequences that will not allow the permitting of the landfill cell.

A common geoelectric leak-location specification for landfills calls for detecting all leaks that could contribute to an ALR of 20 gallons 
per acre per day. The analysis below shows the paradox that meeting that geoelectric leak-location specification depends almost 
entirely on having intimate contact between the geomembrane and an underlying geosynthetic clay liner (GCL), or other leak-sealing 
layer, and not on the geoelectric leak-location survey.

It is an incorrect to assume a maximum of 1ft of water head on a landfill cell because it is common to have a few feet of water standing 
on the lowest part of a cell after rainfall or snowmelt. But assuming 1ft (0.3m) of head, Figure 2 shows that 20 gallons per day will flow 
through a 0.034-in.-diameter leak assuming free flow. For all practical purposes, free flow conditions will exist with such a small hole 
with drainage material above the geomembrane and a geonet or drainage material under the geomembrane.

Figure 2 shows the signal from such a leak is in the low-mill volt range. Measurement noise is typically much greater than that, so 
reliable detection of a leak of that size is problematic to say the least. Even without free flow conditions, the size of the leak will likely 
be small and probably undetectable.

In some cases, a saving grace for the specification of 20 gallons per acre per day is that a low permeability earth material or GCL often 
underlies the primary geomembrane. Therefore, the flow is greatly reduced, and larger leaks can be located or tolerated. However, if 
the geomembrane is not in intimate contact with the low-permeability layer, the unsolvable problem re-emerges.

Another approach is to test the bare geomembrane for leaks before the earth materials are placed to detect the smallest installation 
leaks and then assume no more small leaks will be caused as the earth materials are being placed on the geomembrane. Of course, 
another leak-location survey is needed to test for larger construction damage after the earth material is put on the geomembrane.

There has been at least one case where the ALR was set too low and the leaks could not be detected under 2 feet of sand. So the sand 
had to be removed from the lowest area of the landfill cell and that area had to be surveyed with water on the bare geomembrane. 
Needless to say, many more leaks were caused while removing the sand.
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When the U.S. Environmental Protection Agency (EPA) promulgated the Final Rule for ALRs, it may not have considered the practical 
consequences of failing to meet the ALR, particularly for geomembranes covered with earth materials. In hindsight, the ALR for solid-
waste facilities should be greater than the ALR for liquid-waste impoundments, which is the opposite of the guidance.

The misconception of zero leakage

Specifying too low of an ALR, as untenable as that may be, is still a giant step more reasonable than specifying zero leakage.

Some engineers and owners are still specifying zero leakage or no leaks. A reasonable person could interpret zero leakage as never a 
drop. Ever.

Although one strives to obtain the best attainable results with a specification, it is naive to specify something that cannot be remedied if 
the specification is not met. That is the case when specifying zero leakage in a geomembrane of any practical size. Sometimes, one is 
fortunate and the leakage is zero or ignorable. But specifying zero leakage or specifying that a liner has no leaks almost always results 
in disputes and sometimes unsolvable problems.

A workable specification

An important part of engineering and specification writing is to balance the desire for perfection with what is suitable for the purpose 
at a reasonable cost.

Although perfection may be the goal, specifying perfection without regard to consequences or cost is not good engineering. It does not 
make sense to provide a specification that if it is not met, there is no practical solution. So instead of specifying an ALR that may be 
legally actionable, proper engineering practice is to specify an ALR for which there is an action leakage plan that is workable. 

Glenn T. Darilek is principal engineer and Daren Laine is president at Leak Location Services Inc. in San Antonio.

Comments

There are not yet any comments.

Copyright ©2015 Industrial Fabrics Association International. All rights reserved.
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 optimizing environmental resources - water; air; earth 

CALCULATION SUMMARY SHEET Page 1 of 13 

PROJECT NUMBER: 143418  
PROJECT NAME: USEN – Trench 13 Design  
DATE: January 20, 2015   
CALCULATION NUMBER: C.09 Revision: 1 (March 11, 2016)  
 
CALCULATION TITLE:  Liner Stability on Trench 13 Side-Slopes 
 
DESCRIPTION OF CALCULATION: 
Evaluate the tension/elongation of the design slope liner system to prevent ruptures or  
damage to the liner system due to gravity, thermal expansion/contraction, wind uplift, seismic  
deformation, and waste settlement.  
 
REFERENCES USED: 
1. Technical Journals for Interpretation of Friction Angles of Geosynthetics  
2. Koerner, “Designing with Geosynthetics” 1998.  
3. Trench 12 Liner Material Properties – Used as basis for stability evaluation.  
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CALCULATION 
LINER STABILITY – TRENCH 13 SIDE SLOPES 

 

PURPOSE OF CALCULATION 
Determine the stability of liner materials on Trench 13 0.5H:1.0V (604/29/153.4°) slopes.  
Stability in this calculation refers to liner material strength and capacity to remain intact 
and functional under the loads that will be imposed by liner material weight (self-weight 
of liner members and loading from overlying liner members) and resistance of liner due 
to friction. 

METHOD 

The following causes of liner stresses are considered: 

• Load due to gravity 

• Thermal expansion and contraction 

• Wind uplift 

• Seismic deformation 

• Settlement of waste fill 

General 

This calculation analyzes strength for liner materials proposed for use in Trench 13 at US 
Ecology’s Beatty, Nevada facility.  Stresses and strains on liner materials are estimated 
from the self-weight of the liners, thermal expansion, seismic deformation, and settlement 
of the waste fill.  The total induced stress from these factors is compared to estimated 
allowable stresses on the liner materials from estimated factors of safety. 

Material properties for all members of the Trench 13 liner system are taken from 
manufacture specifications for products approved for use in US Ecology’s Trench 12 
design.  This calculation evaluates those material properties as they pertain to the design 
of US Ecology’s Trench 13.  
The liner materials will be placed on a 0.5H:1.0V slope (an angle of 63.4° below 
horizontal).  The trench will have a maximum depth of approximately 75 feet resulting in 
a slope length of 84 feet. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ =
75 𝑓𝑓𝑓𝑓

sin (63.4°)
= 84 𝑓𝑓𝑓𝑓 
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Self-Weight Forces on Liner Members and Tensile Loads 

Assuming stable slopes, the load due to gravity (tensile load) on the liners is due to self-
weight (shown in Table 1 below).  The weight on the liner members accumulates for 
underlying liner members. 
 
 Self-weight = Unit Weight * Slope Length 

Self-weight is the length of liner member (slope length = 84 feet) times the unit weight of 
the liner material, which is expressed in lbs per foot.  The unit weight of each liner material 
was obtained from specification sheets from liner member manufacturers.  Table 1 gives 
the unit weight from the manufacturer, the self-weight determined from the slope length 
of 84 feet for the design liner materials, and the accumulated weight for underlying liner 
members. 

Table 1:  Accumulated Weight of Liner System  
Liner Material 

(reference for product data) 
Unit Weight 

(lbs/ft^2) 
Self-weight 

(lbs/ft) 
Accumulated Weight 

(lbs/ft) 
Sacrificial 40 Mil HDPE Liner 0.20 16 16 
10oz Non-woven Geotextile  0.069 5.8 22 
Geonet – LCRS Side Slope – 200 Mil 0.162 14 36 
80 Mil HDPE Single Sided Texture 0.37 31 67 
LDS Side Slope Geocomposite 6 oz 
double-sided 200 Mil 0.25 21 88 

60 Mil HDPE Double Sided Texture 0.28 23 111 
Geosynthetic Clay Liner 0.75 63 174 
Note: Unit weights are based upon manufacture specifications  
Manufacturer specifications for 200 Mil Geonet and 200 Mil Geocomposite are the same as 220 Mil 
manufacturer specifications included in References. 

Frictional Forces Acting on the Trench 13 Liner System 
Friction forces acting on the upper side (FU) of the liner and the forces acting on the lower 
side (FL) of the liner were calculated using free body diagram analysis.  FU equals the 
friction force acting on the upper side of the liner member.  This friction (FU) is part of the 
total force that is tending to cause liner member failure.  FL is the component of the 
resultant force that resists failure as shown in Figure 1. 
 

FL = AW * cos(B) * tan(d) 
FU =FL of liner component above 

Where: 
AW = accumulated weight of liner members 
d = friction angle between liner components 
B = slope angle (i.e. 63.4° below horizontal) 

Accumulated weight (AW) is tabulated in Table 1.  Slope angle (B) is the angle of the 
slope (63.4°). Friction angle (d) is the residual friction angle which is dependent on the 
liner materials that are in contact with each other.  A graphical representation of the liner 
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members with frictional forces is attached as Figure 2.  The tensile load due to self-weight 
(T) is calculated: 
 
 T = ((SW * sin(B)) + FU – FL)/(12inch/1foot) 

Where: 
SW = self-weight of liner members 

The friction forces and tensile load for each liner member are calculated in Table 2.  The 
residual friction angles were obtained from technical documents provided by 
manufactures as well as direct shear tests of geosynthetics performed and reported in 
multiple journals and technical literature.  

Table 2: Tensile Load due to Frictional Forces of Liner Members 

  
Self 

Weight 
Accumulated 

Weight 
Friction 
Angle Reference 

Friction 
Upper 

Friction 
Lower 

Tensile 
Load 

Material     Theta  # Fu Fl   
  lb/ft lb/ft ϴ   lb/ft lb/ft lb/in 
Sacrificial 40 Mil HDPE Liner 16 16 15.1 1-A 0.0 2.0 1.1 

10oz Non-woven Geotextile  5.8 22 24.5 1-B 2.0 4.5 0.22 
Geonet – LCRS Side Slope – 200 
Mil 14 36 10.1 1-B 4.5 2.9 1.2 

80 Mil HDPE Single Sided 
Texture 31 67 32.1 1-C 2.9 19 1.0 

LDS Side Slope Geocomposite 6 
oz double-sided 200 Mil 21 88 32.1 1-C 18.8 25 1.1 

60 Mil HDPE Double Sided 
Texture 23 111 24 1-D 25 22 2.0 

Geosynthetic Clay Liner 63 174 21.6 1-E 22 31 4.0 
Note: See attached references for description of friction angle determination 

Summary of Liner Member Strengths and Strains 
The following table summarizes the tensile strength at yield and percent strain at yield for 
each liner member.  The tensile strength at yield is the strain at which the liner member 
deforms.  Prior to the yield point the material will deform elastically and will return to its 
original shape when the applied stress is removed.  The amount of elongation at yield 
also is known as the strain at yield and is reported as a percent.  The information below 
was obtained from material specification sheets provided by the manufacturers. 

http://en.wikipedia.org/wiki/Stress_%28physics%29
http://en.wikipedia.org/wiki/Solid_mechanics
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Table 3: Yield Strength and Strain of Liner Members 
Liner Material 

 
Yield Strength 

(lb/in) 
Strain (elongation) at Yield 

% 
Sacrificial 40 Mil HDPE Liner 84 12 
10oz Non-woven Geotextile  150* 50 
Geonet – LCRS Side Slope – 200 Mil 45 23* 
80 Mil HDPE Single Sided Texture 176 13 
LDS Side Slope Geocomposite 6 oz 
double-sided 200 Mil 50 50 

60 Mil HDPE Double Sided Texture 132 13 
Geosynthetic Clay Liner 50 15* 

*Values taken from Koerner 1998 – Designing with Geosynthetics – Reference 2 

Calculation of Strains 

Four strains are considered on the liner members including strain due to 1) tensile load 
from frictional forces, 2) thermal expansion, 3) seismic deformation, 4) settlement of 
waste fill.  The calculation of each strain is described below. 

Strain due to tensile load from frictional forces is calculated by comparing the percent 
strain at yield of each member to the tensile load due to frictional forces.  For example: 

(Tensile load due to friction force (lbs/in))/(Yield strength of liner member (lbs/in)) = 
(Strain due to frictional forces(%))/(Strain at yield of liner member (%)) where strain due 
to frictional forces is the unknown. 

Rearranging the equation: 
Strain due to frictional forces (%) = Tensile load due to frictional forces (lbs/in)/Yield 
Strength of liner member (lbs/in)*Strain at yield (%). 

Example using the 60-Mil HDPE where 
 

Tensile load due to frictional force = 2.0 lbs./in 
Yield Strength = 132 lbs./in 
Strain at yield = 13% 

 
Therefore, Strain due to frictional forces for the 60-Mil HDPE =  
 

%20.0%13*
/.132
/.0.2

=
inlbs
inlbs  



Liner Stability on Trench 13 Side-Slopes Prepared by:  CWK   Date: 01/20/15 
Calculation C.09 Checked by:  PAZ   Date:  04/24/15 
 Page 6 of 13 
 

 
 

Table 4: Strain due to Self-weight on Liner Members 

Material 

Tensile Load 
(due to frictional 

forces) 
Yield 

Strength 
Strain at 

Yield 

Strain due to 
frictional 

forces 
  lb/in (lb/in) % % 

Sacrificial 40 Mil HDPE Liner 1.06 84 12 0.15 
10oz Non-woven Geotextile  0.22 150 50 0.074 
Geonet – LCRS Side Slope – 200 
Mil 1.2 45 23 0.59 

80 Mil HDPE Single Sided Texture 1.0 176 13 0.073 
LDS Side Slope Geocomposite 6 
oz double-sided 200 Mil 1.1 50 50 1.1 

60 Mil HDPE Double Sided 
Texture 2.0 132 13 0.19 

Geosynthetic Clay Liner 4.0 50 15 1.2 

Strain due to thermal expansion is considered only for HDPE Geomembranes and 
Geonets.  From a conversation with a liner technical representative, the coefficient of 
linear thermal expansion is 0.00012 cm/cm*°C (ESI 1996).  An assumption for 
temperature variation is 40°C for the purposes of this calculation.  Therefore; the strain 
due to thermal expansion is 0.00012 cm/cm*°C * 40°C, or 0.5%. 

Seismic deformation during waste placement is expected to be small, less than 1.6 inches 
(ESI 1996), considered on a slope length of 84 feet, 1.6 inches equates to approximately 
0.2%.  This strain will only act on the first two liner members because the liner system is 
designed to allow slippage between the third and fourth liner members (Geonet and 80-
Mil HDPE) and seismic strain is not expected to be transferred below that interface. 

Strain from waste fill settlement also was considered.  1996 Trench 12 Design documents 
(ESI 1996)1 estimated the strain from waste fill settlement is no greater than 4%, including 
settlement during waste placement and after closure of the landfill.  Strain due to waste 
settlement will again only act on the first two liner members because of the design 
slippage between the second and third liner members. 
 
  

1. 1996 Trench 12 Design Documents are discussed multiple times in this calculation, however 
are not attached to this specific calculation. The 1996 Trench 12 Design Documents will be 
attached as a separate document and submitted with the design report. 
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Table 5: Total Strain on Liner Members 

Material 

Strain due to 
frictional 

forces 

Strain - 
Thermal 

Expansion 

Strain - 
Seismic 

Deformation 

Strain - 
Waste 

Settlement 
Total 
Strain 

  % % % % % 
Sacrificial 40 Mil 
HDPE Liner 0.15 0.5 0.2 4.0 4.9 

10oz Non-woven 
Geotextile  0.074 0 0.2 4.0 4.3 

Geonet – LCRS Side 
Slope – 200 Mil 0.59 0.5 0.2 4.0 5.3 

80 Mil HDPE Single 
Sided Texture 0.073 0.5 0 0 0.57 

LDS Side Slope 
Geocomposite 6 oz 
double-sided 200 Mil 

1.1 0 0 0 1.1 

60 Mil HDPE Double 
Sided Texture 0.19 0.5 0 0 0.69 

Geosynthetic Clay 
Liner 1.2 0 0 0 1.2 

Total Tensile Load 

The total tensile load for each liner member is calculated by comparing the total strain 
calculated for the Trench 13 design to the strain at yield.  For example: 

(Yield strength of liner member (lbs/in))/(Total tensile load due to liner members (lbs/in)) 
= (Strain at yield of the liner member(%))/(Total Strain due to liner members (%)) where 
total tensile load due to liner members is the unknown. 

Rearranging the equation: 

Total tensile load due to liner members (lb/in) = Yield strength of liner member 
(lbs./in)/Strain at yield of liner member*Total strain due to liner members(%). 

Example using the 60-Mil HDPE where: 

Yield strength of liner member = 132 lbs/in 
Strain at yield of liner member= 13% 
Total strain due to liner members = 0.70% 

Therefore, total tensile strength at load for the 60-Mil HDPE: 
inlbsinlbs /1.7%70.0*

%13
/132

=  
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Table 6: Total Tensile Load on Liner Members 

Material 
Yield 

Strength 
Strain at 

Yield 
Total 
Strain 

Total Tensile 
Load 

  (lb/in) % % lbs/in 
Sacrificial 40 Mil HDPE Liner 84 12 4.9 34 
10oz Non-woven Geotextile  150 50 4.3 13 
Geonet – LCRS Side Slope – 200 Mil 45 23 5.3 10 
80 Mil HDPE Single Sided Texture 176 13 0.57 7.8 
LDS Side Slope Geocomposite 6 oz 
double-sided 200 Mil 50 50 1.1 1.1 

60 Mil HDPE Double Sided Texture 132 13 0.69 7.0 
Geosynthetic Clay Liner 50 15 1.2 4.0 

To avoid failure of any of the liner members, the calculated total tensile load for each liner 
member in the Trench 13 design must not exceed the tensile strength at yield.  Factors 
of safety must be applied to the strength at yield, resulting in an allowable tensile load for 
each liner member.  The total allowable tensile load on each liner member is calculated 
by the following equation: 
 

Tallow = Tultimate/Factors of Safety 
Where:  

Tultimate = ultimate tensile strength = tensile strength at yield 

Geotextile 
The equation to calculate allowable tension for the geotextile member of the liner system 
(Koerner, 1998 – Reference 2) is as follows: 









=

BDCDCRID
ultimateallow RFRFRFRF

TT
***

1  

Where 
Tallow = allowable tensile strength 
Tultimate = ultimate tensile strength = tensile strength at yield 

The maximum reducing factors for geotextiles used in a separation capacity are: 
RFID = reduction factor for installation damage = 2.5 
RFCR = reduction factor for creep = 2.5 
RFCD = reduction factor for chemical degradation = 1.5 
RFBD = reduction factor for biological degradation = 1.2 

Inserting these values into the equation yields: 
Tallow = Tultimate /11.25 
For geotextile, Tultimate = 150 pounds/inch 
Tallow = 150/11.25 = 13.3 pounds/inch 
As calculated above, total tensile load – 13 lbs/in  
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Since Tallow > total tensile load, the material is safe from failure. 

Geonet 
Factors of safety for tensile loading and strain of Geonets were unavailable, so a factor 
of safety of 4 was applied (factor of safety used for geonet evaluation in 1996 and 2007 
Trench 12 Design). 

Tallow = Tultimate/4.0  
For geonet, Tultimate = 45 pounds/inch, therefore 
Tallow = 45/4 = 11 pounds/inch 
As calculated above, total tensile load = 10 lbs/in  

Since Tallow > total tensile load, the material is safe from failure 

HDPE 
Factors of safety for HDPE Geomembranes range from 10 to 100 times (Koerner 
Reference 2).  A safety factor of 10 is used in this analysis.   

Sacrificial 40 Mil Liner 

For the sacrificial 40 Mil HDPE, Tultimate = 63 lbs/in, therefore 
Tallow = 84/10 = 8.4 lbs/in 
As calculated above, total tensile load = 34 lbs/in  

Since Tallow < total tensile load, the material is subject to failure.  In this case, the 
sacrificial liner is strictly for protection of the geotextile from the elements, specifically 
harmful UV rays.  The 40 Mil liner is intended to deteriorate as waste in being placed in 
the Trench, the resulting calculation is considered irrelevant for the purposes of this 
design. 

80 Mil HDPE Liner 
For the upper 80 Mil HDPE, Tultimate = 176 lbs/in, therefore 
Tallow = 176/10 = 18 lbs/in 
As calculated above, total tensile load = 7.7 lbs/in  

Since Tallow > total tensile load, the material is safe from failure. 

60 Mil HDPE Liner 
For the lower 60 Mil HDPE, Tultimate = 132 lbs/in, therefore 
Tallow = 132/10 = 13 lbs/in 
As calculated above, total tensile load = 7.1 lbs/in  

Since Tallow > total tensile load, the material is safe from failure. 
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Geocomposite 
No recommended reducing factors were available for geocomposites; therefore, a safety 
factor of 4 was used (factor of safety used for geocomposite evaluation in 1996 and 2007 
Trench 12 Design).  Inserting this reducing factor into the equation yields: 

Tallow = Tultimate /4.0  
For geocomposite, Tultimate = 50 pounds/inch, therefore 
Tallow = 50/4 = 13 pounds/inch 
As calculated above, total tensile load = 1.1 lbs/in  

Since Tallow > total tensile load, the material is safe from failure. 

GCL 
No recommended reducing factors were available for GCLs; therefore, a safety factor of 
10 was used (factor of safety used for GCL evaluation in 1996 and 2007 Trench 12 
Design).  Inserting this safety factor into the equation yields: 

Tallow = Tultimate /10  
For GCL, Tultimate = 50 pounds/inch, therefore 
Tallow = 50/10 = 5.0 pounds/inch 
As calculated above, total tensile load = 4.0 lbs/in  

Since Tallow > total tensile load, the material is safe from failure. 

Table 7: Allowable Tensile Load on Liner Members 

Material 

Yield 
Strength 
Tultimate 

Safety 
Factor 

Allowable 
Tensile Load 

Total Tensile 
Load 

Allowable 
> Total 

  (lb/in) % lbs/in lbs/in   
Sacrificial 40 Mil HDPE 
Liner 84 10 8.4 34 No 

10oz Non-woven Geotextile  150 11.25* 13 13 Yes 
Geonet – LCRS Side Slope 
– 200 Mil 45 4 11 10 Yes 

80 Mil HDPE Single Sided 
Texture 176 10 18 7.8 Yes 

LDS Side Slope 
Geocomposite 6 oz double-
sided 200 Mil 

50 4 13 1.1 Yes 

60 Mil HDPE Double Sided 
Texture 132 10 13 7.0 Yes 

Geosynthetic Clay Liner 50 10 5.0 4.0 Yes 
Note: 
*Calculated as a product of 4 reduction factors, but is used to calculate an allowable tensile load in a similar 
manner as a safety factor. 
  



Liner Stability on Trench 13 Side-Slopes Prepared by:  CWK   Date: 01/20/15 
Calculation C.09 Checked by:  PAZ   Date:  04/24/15 
 Page 11 of 13 
 

 
 

CONCLUSIONS 

Liner material stability on Trench 13 side slopes of 0.5:1.0 were evaluated for liner 
material strength and ability to remain intact and function under the loads that will be 
imposed by liner material weight (self-weight of liner members and loading from overlying 
liner members) and resisted by liner strength and friction.   

The materials specifications for the Trench 13 Liner System were provided from 
manufactures, and were consistent with the materials approved for Trench 12 
construction.  Values that were not provided in specification sheets were interpreted from 
technical articles and research papers, specifically the values for shear strength and 
friction angles between liner components.  All technical documents are referenced and 
attached to this calculation. 

Four strains were considered on the liner members including strain due to 1) self-weight, 
2) thermal expansion, 3) seismic deformation, and 4) settlement of waste fill.  Strains on 
individual members were summed as a total strain of the liner system.  The total strain 
was compared to the manufacturer’s technical specification strains at yield.  A reduction 
factor (conservative safety factor) was used with the manufacturer’s data.  None of the 
liner member’s calculated strains exceed the strain at yield provided in technical 
specifications except the sacrificial 40 Mil HDPE liner that serves only to provide UV 
protection and failures are expected. 

Material to be approved for construction of the Trench 13 Liner System must meet or 
exceed specifications illustrated in this calculation or be independently verified by the 
design engineer and/or their representative.  
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Figure 1: Forces Acting on Trench 13 Liner System 
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Figure 2:  Exploded View of Trench 13 Side Wall Liner System Components 
 

40 MIL HDPE 
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1.0 INTRODUCTION 

Modem solid-waste landfills and hazardous landfills in the USA are required to have a low 
hydraulic conductivity liner and drainage system, consisting of geosynthetic materials 
(geomembranes, geotextiles, geonets and geocomposites) and compacted clay. A cross- 
section of a typical modem landfill, as shown in Figure 1.1, consists of several layers of 
soils and geosynthetic products. The stability of these 'slopes' is controlled by the shear 
strength of the various interfaces in such a composite liner. Critical interfaces include soil 
vs. geomembrane, soil vs. geotextile, geomembrane vs. geotextile and geomembrane vs. 
geonet. The strength of each of these interfaces has to be determined after careful, site- 
specific material testing (Koerner, 1994). The experience and confidence gained from 
these tests on different materials and soils is valuable to designers. Such data give the basis 
for better judgment in design. The importance of the evaluation of interface strength has 
been illustrated by the slope stability failure in Phase 1A of the construction of the 
Kettleman Landfill in California (Mitchell et al., 1990). 

Geomembranes are critical components of modem landfill design, performing important 
functions moisture barriers in the containment system. Today, a variety of geomembranes 
are in use in current practice. The basic difference between them is the material and/or 
method of manufacture. The most commonly-used material types are (PVC) Poly Vinyl 
Chloride and (HDPE) High Density Poly-Ethylene. Based on a 1992 estimated total of 
648 million sq. feet of geomembrane sales, HDPE accounts for 259 million sq. feet or 40 
% of sales , while PVC accounts for 162 million sq. feet or 25 % of sales(Koerner, 1994). 
Very Low Density Poly-Ethylene (VLDPE), a Polyethylene product, which is more 
flexible than HDPE, accounts for 65 million sq. ft or 10 9% of sales . 

Geomembrane interface frictional failure has been identified as the cause of numerous 
geosynthetic-lined slope failures. As a result, the interface frictional strength of any 
geomembrane interface has to be determined with utmost care. It is recommended that 
wherever possible, the interface frictional strength for a geomembrane-soil combination be 
determined experimentally, without resorting to use of generalized values for similar soils 
from published data (Koerner, 1994). Direct shear, pullout and ring shear tests have been 
performed extensively, mainly on soil-geomembrane interfaces, to characterize their 
strengths (Koerner et al., 1986; Seed et al., 1988; O'Rourke et al., 1990; Takasumi et al, 
199 1 ; Stark and Poeppel, 1994) 

There have been a limited number of testing programs that have attempted to draw a 
general comparison between HDPE and PVC geomembranes. O'Rourke (1990) reported 
that the higher the stiffness or hardness of the geomembrane, like HDPE, the lower the 
friction angle, as compared to a flexible membrane, like PVC. Martin et al. (1984) tested 
geotextile vs. geomembrane interface friction using a very soft, flexible geomembrane like 
Ethylene Propylene Diene Monomer (EPDM), a medium stiffness PVC geomembrane and 
a tough geomembrane like HDPE. They also concluded that the softer geomembranes, 
have greater friction angles than the tougher geomembranes. 
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Table 2.1 Properties of Geomembranes used in the Testing Program 

I GAUGE ( mils ) 1 30 1 30 1 3o 1 6o 1 6o I 
TRADE NAME 

* Canadian General Towers
** Gundle / SLT Environmental ( Inc. ) Company 
1. Smooth PVC : Smooth, flexible PVC geomembrane 
2. Textured PVC : PVC geomembrane, with extrusions of 4 - 6 mils on the surface, giving the 
rough texture. The textured surface was used as the interface 
3. File-Finish PVC : Square grid etched onto one surface, with smooth PVC on the other surface.
The surface with the file-finish was used as the interface. 
4. Smooth HDPE : Smooth, tough, inflexible HDPE geomembrane
5. Textured HDPE : Co-extruded textured surface on one side and smooth HDPE on the other
surface. The textured surface was used in the surface. 

SMOOTH 
HDPE' 

GSE** 

FILE- 
FINISH 
PVCJ 
C.G.T. * 

2.1.2 Soil 

TEXTURED 
HDPE' 

- 

GSE 

TEXTURED 
P V C ~  

OxyChem 

GEOMEMBRANE 
TYPE 

MANUFACTURER 

Oxyflex 

A typical landfill consists of soil-geomembrane interfaces involving a variety of soils. Most 
commonly, sand as a drainage layer and clay as a moisture barrier are used. However, 
when locally available soils are the only option, sandy loam and silty clay are used as 
substitutes. Hence, these soils were also included in this study. Figure 2.1 gives the grain 
size distribution of the soils. 

SMOOTH 
PVC' 

Oxychem 

2.1.2.1 Sand 

OxyGrip 

Sand-Geomembrane interfaces are common at the boundary of a drainage layer and the 
next layer of moisture barrier. Testing for this interface was performed using sand with the 
following properties : 

Grain size distribution : 

Ltd. 
Taffeta 

Dlo - 0.15 IWII Dso - 0.29 mm DgO - 0.51 IWII 
C, - 2.13 C, - 0.919 
Internal Friction : Angle of Internal Friction, from a Direct Shear Test = 32.3" 

This sand can be described as uniform, fine sand. It was mixed with just enough water to 
simulate the average field wetness conditions (approximately 10%). 

GSEHD GSEHDT 
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2 .I .2.2 Sandy Loam 

In many situations, the soils most suitable for a landfill may not be available on location. In 
such cases, liners are constructed with the available soil. One of the common soils found at 
sites is sandy loam. In such situations, sandy loam is used as an alternative to sands in the 
landfill. The soil used for testing in this program can be described as well graded sandy 
loam. In this soil, there was a sigdcant amount of organic matter, including plant root 
fibers and remains of insects. The natural water content of the soil was 41;8 % . Testing 
was done at the same water content. 

The requirements of a material to be used as drainage material in a waste containment 
system are as follows ( USEPA, 1989 ) : 

Hydraulic conductivity must be greater than 10" cm 1 s ; 
Rounded to sub-rounded material, to avoid damage to the adjacent geosynthetics ; 
Well graded material ; and 
Maximum particle size of 3 1 8 inch ( 9.5 rnrn ) . 

The properties of the sandy loam used in this study were : 

Grain size distribution characteristics : 

Dl0 - 0.10 mm Dso - 0.53 nun D90 - 4.2 nun 
C, - 9.0 C, - 0.69 

Based on the USEPA requirements above for a drainage material, the sandy loam tested 
satisfies the requirements for use as a drainage material. The hydraulic conductivity 
requirement needs to be verified, but it is strongly believed that it will be complied, based 
on its grain size distribution. 

2 .I .2.3 Silty Clay 

Locally available soil is generally preferred for the compacted clay layer in a landfill liner. 
In such cases, the criteria for selecting the soil are(Danie1, 1993) : 

% dry weight passing the #200 sieve > = 39 % - 50 % 
% dry weight retained on the # 4 sieve <= 20 % - 50 % 
PI(ASTMD4318)>=7 % -  10% 
Maximum grain size : 25 mm - 50 mm 

Grain size distribution characteristics : 
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Similarly, the stress measured was that between the geomembrane and the soil as well, 
because those were the only two materials in contact as the top box moved relative to the 
bottom box. 

The high value of R~ for the graph of the failure envelope ( Figure 3.2(b) ) indicates that 
the @ value for this interface was not affected by the confining stress level, although it may 
be different for much lower confining stresses ( less than 10 kPa ). 

3.2 Sand vs. the Other Geomembranes 

The relationships for fine sand vs. smooth HDPE interface are shown in Figures 3.3 (a) 
and (b). The same relationships, stress vs. displacement and interface friction angle, for 
sand vs. the rest of the geomembranes in the testing program, are given in Appendix A. 
Stretching was observed in the File-finish PVC interface at higher normal stresses (greater 
than 100 kPa). Strain softening behaviour was noticed with HDPE. Textured HDPE 
exhibited peak values at higher displacements (about 35 rnrn). However, textured PVC did 
not reveal a clear trend in its stretching. 

3.3 Influence of Soil Type 

The study of the variation of interface friction values of the same geomembranes with soil 
type shows considerable difference in the stress-strain behaviour as well as friction angle 
values. Figures 3.4 and 3.5 give relationships of smooth PVC interfaces against sandy 
loam and silty clay respectively. Figures showing these relationships for interfaces with 
other geomembranes are given in Appendix B (Sandy Loam) and Appendix D (Silty Clay). 

3.4 Geomembrane vs. Geotextile 

The relationships for the smooth PVC vs. geotextile interface are shown in Figure 3.6. 
Interface friction values of the other geotextile-geomembrane interfaces are given in 
Appendix D. 

4.0 SUMMARY OF RESULTS 

The results of the testing program are summarized in Tables 4.1 and 4.2. The interface 
friction angles based on stress obtained at about 10 % strain (25.4 rnm) from the stress 
displacement curves are given in Table 4.1. Table 4.2 gives the interface friction angles 
based on the peak stress obtained from the stress-displacement graphs. In the case of 
HDPE and textured-HDPE membranes, the stress-displacement response of the interface 
is such that after reaching peak stress, further shearing to a larger strain causes 
stabilization of the stress (remains constant ; see Figure 3.3). Hence, the shear stress at 
10% strain for the rigid membranes (HDPE and HDT) is less than at the peak. However, 
for the flexible membranes (PVCs), due to their stretching during the tests, the strength at 
higher strain is greater than at lower strain (see Figure 3.4). This was observed with all 
PVC interfaces with all the other interface materials except with fine sand. 
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Shear stress vs Displacement 

Dispiacsmmt (mm) 

Failure Envelope 

0 20 40 60 80 100 120 140 160 180 

Normal Stress (kPa) 

Figure 3.3 Fine Sand vs Smooth HDPE a) Shear vs Displacement b) Friction Angle 
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Shear Stress vs Displacement 
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Failure Envelope 
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Figure 3.6 Non-Wovemn Geotextile vs. Smooth PVC a)Stress vs. Displacement b) Friction 
Angle 
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For this reason, the friction angle for the interfaces were calculated at both the peak stress 
and the stress at 10 % strain. It can be readily seen, comparing Tables 4.1 and 4.2, that the 
interface angle for PVC membranes at initial peak (yield stress for the interface) is much 
lower than at higher strain. However, the yield point of the interface does not represent a 
failure condition. This is because further shearing causes an increase in strength and not a 
decrease, whereas further shearing in HDPE causes reduced strength.Therefore, under 
field conditions, if the PVC membranes are stressed beyond the yield stress for the 
interface, the material stretches under the load without any loss of strength or material 
damage. 

Table 4.1 lnterface Friction Angle values ( degree )obtained for various interfaces 
tested ( at 10 % strain ) 

30 mil Smooth PVC 
( at 10 % strain ) 
30 mil textured PVC 
( at 10 % strain ) 
30 mil File-finish PVC 

Fine Sand 

34.7 

35.3 

( at 10 % strain ) 
60 mil Smooth HDPE 

[ ( at 10 % strain ) 

30.9 

( at 10 % strain ) 
60 mil Textured HDPE 

Table 4.2 lnterface Friction Angle values ( degree )obtained for various interfaces 
tested ( at Peak Stress ) 

Sandy Loam 

26.4 

21.1 

21.1 

30 mil Smooth PVC 

28.1 

36.6 

( Peak stress ) 
30 mil textured PVC 
( Peak stress ) 
30 mil File-finish PVC 
( Peak stress ) 

Silty Clay 

20.8 

26.4 

18.2 

60 mil Smooth HDPE 
(Peak stress ) 
60 mil Textured HDPE 
( Peak stress ) 

Non-woven 
Geotextile 

21.9 

19.6 

26.0 

33.8 

17.3 

17.0 

Non-woven 
Geotextile 

14.2 

41.8 17.4 

Silty Clay Fine Sand Sandy Loam 
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Technical Paper by A. De and T.F. Zimmie

ESTIMATION OF DYNAMIC INTERFACIAL

PROPERTIES OF GEOSYNTHETICS

ABSTRACT: The dynamic frictional properties of different geosynthetic interfaces
play an important role in the stability analyses of various geotechnical structures that
incorporate geosynthetics. The paper presents and discusses laboratory test results on
eight different interfaces, formed through various combinations of three geosynthetics
(a geotextile, a smooth geomembrane, and a geonet). The dynamic frictional properties
were estimated using cyclic direct shear tests, shaking table tests conducted at a normal
g-level of 1g as well as at high g-levels, and on a 100 g-ton geotechnical centrifuge. The
centrifuge simulated high normal stress levels, commonly encountered by geosynthet-
ics comprising base liners of landfills or base isolators for large structures. The tests re-
vealed various important characteristics regarding the dynamic frictional properties of
the geosynthetic interfaces, including a dependence of some of the interfaces on the lev-
el of normal stress and the excitation frequency. It is felt that these differences should
be considered when selecting proper test methods in relation to the application for
which the geosynthetic is considered. It was concluded that proper simulation of field
conditions in laboratory experiments is important to obtain suitable friction angle val-
ues to be used in design.
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1 INTRODUCTION

The frictional properties of different geosynthetic interfaces play an important role
in the stability analyses of various geotechnical structures that incorporate geosynthet-
ics. Many of the geosynthetic surfaces in composite liner systems of modern landfills
are characterized by relatively low friction angles. This causes the interfaces between
such elements to be likely locations for slip movement. Recent requirements to include
considerations for seismic impact in modern landfill designs have led to the need for
understanding the dynamic frictional properties of these interfaces. The use of different
types of geosynthetic materials for the purpose of base isolation also requires estimation
of the dynamic frictional properties of the interfaces under suitable loading conditions
and frequencies of excitation.

2 BACKGROUND

The importance of interfacial frictional properties of geosynthetics in landfill design
was demonstrated by the Kettleman Hills, California landfill failure which occurred in
1988. Subsequent analyses led to extensive research into the static or monotonic fric-
tional properties of geosynthetic interfaces (Mitchell et al. 1990a; Mitchell et al.
1990b; Byrne et al. 1992; Stark and Poeppel 1994). The most common apparatuses/
methods used to estimate the static friction angles included direct shear devices (both
small- and large-size), pull-out boxes, and ring shear devices. Some of the results from
these studies demonstrated unique trends that were characteristic of the different test-
ing procedures.

As a result of this extensive range of testing programs, a broad understanding of the
characteristic features of different static (or monotonic) testing methods is available.
Gilbert et al. (1995) have compiled a summary of the advantages and disadvantages as-
sociated with different test devices that measure interface shear strength. The devices
included in the summary are the large-scale direct shear box, conventional direct shear
box, torsional shear device, tilt table, and Texas double shear device.

2.1 Dynamic Friction Tests

Experimental research to estimate the dynamic frictional properties of geosynthetic/
geosynthetic interfaces has been conducted relatively recently (Hushmand and Martin
1990; Kavazanjian et al. 1991; Yegian and Lahlaf 1992b; Pasqualini et al. 1995; Zim-
mie et al. 1994; Yegian and Harb 1995; De 1996). The following apparatuses were used
in these studies:

S a cyclic direct shear device (Pasqualini et al. 1995; De 1996);

S a shaking table device (Yegian and Lahlaf 1992b; Hushmand and Martin 1990; Zim-
mie et al. 1994; De 1996); and

S a shaking table device on a geotechnical centrifuge (Hushmand and Martin 1990;
Zimmie et al. 1994; De 1996).
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Table 1. Description of the geosynthetic interfaces.

Interface
number

Geosynthetic A Geosynthetic B

I Geotextile Smooth geomembrane

II Smooth geomembrane Geonet (transverse)

III Smooth geomembrane Geonet (longitudinal)

IV Smooth geomembrane Geonet (aligned)

V Geotextile Geonet (transverse)

VI Geotextile Geonet (longitudinal)

VII Geotextile Geonet (aligned)

VIII Smooth geomembrane Smooth geomembrane

3.2.1 Cyclic Direct Shear Device

The direct shear apparatus used in the current study was fabricated for testing geosyn-
thetic specimens 300 mm×300 mm in dimension. The shear force was applied through
a hydraulic actuator controlled by an MTSTM control unit. The normal force was ap-
plied by means of a pneumatic piston and compressed air. Fixed amplitudes of displace-
ment were produced on both sides of the mean specimen position. Measurements of
shear force and displacement were made continuously by means of load cells and a lin-
ear variable differential transformer (LVDT).

3.2.2 Shaking Table Apparatus

An electro-hydraulic shaking table that can accommodate specimens with dimen-
sions up to 560 mm × 380 mm was used for the shaking table tests. Sinusoidal base
motion was produced through the use of a dynamic signal analyzer. The acceleration
was measured during the experiments by means of accelerometers attached to the table
and to the block, and the relative displacement between the block and the table was
measured using two LVDTs. Data acquisition was performed using a personal computer
with commercially available software.

3.2.3 Geotechnical Centrifuge

A 100 g-ton geotechnical centrifuge was used in which high normal stresses were pro-
duced to model prototype stress conditions. The shaking table apparatus was mounted
on the centrifuge platform and experiments were performed at 10g, 20g, 30g, and 40g.
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4.3 Geotextile Over a Geonet (Interfaces V, VI, and VII)

4.3.1 Cyclic Direct Shear Tests

Figure 9 shows the plots of peak dynamic friction angle versus number of cycles for
the geotextile/geonet (transverse) interface (Interface V). The dynamic friction angle
of this interface appears to be strongly dependent on the normal stress. The greatest fric-
tion angle value (approximately 24_) was obtained from tests at the lowest normal
stress (20.7 kPa) and the lowest friction angle (approximately 17_) corresponded to the
highest normal stress (41.4 kPa). In addition, for each test, there was little variation in
the friction angle with the number of loading cycles.

A likely factor for the decrease in the friction angle with the increase of normal stress
may be the highly deformable nature of nonwoven geotextiles when subjected to high
normal stresses. The same interface showed a nonlinear shear versus normal stress be-
havior during monotonic testing (De 1996), and the same trend of higher normal
stresses corresponding to the lower friction angle values was observed.

Results of the cyclic tests performed on Interfaces VI and VII showed friction angles
to be relatively constant with the number of loading cycles, and the dynamic friction
angle did not show a strong dependence on the normal stress. In each case, the dynamic
friction angle values (15_ for the longitudinal orientation, and between 10 and 11_ for
the aligned orientation) were close to those obtained from monotonic experiments re-
ported elsewhere (De 1996).
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Figure 9. Variation of the peak friction angle with the number of cycles from cyclic
direct shear tests: a geotextile over a geonet (transverse) (Interface V).
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4.3.2 Shaking Table Tests

Shaking table tests on geotextile/geonet interfaces were performed using two orienta-
tions of the geonet: transverse and longitudinal. Figure 10 shows the test results for the
geotextile/geonet (transverse) interface. The break point (i.e. the point at which the ac-
celeration of the block fails to increase at the same rate as the acceleration of the table)
occurs at an acceleration of 0.44g, corresponding to a dynamic friction angle of 24°.
The geotextile/geonet (longitudinal) test results were similar and indicated an accelera-
tion of 0.34g at the break point, and a dynamic friction angle of 19°.

4.3.3 Shaking Table Tests Using a Geotechnical Centrifuge

The results from the experiments performed at different acceleration levels for Inter-
faces V and VI are shown in Tables 5 and 6, respectively. From Table 5 it can be seen
that the dynamic friction angles for Interface V at 1g, 30g, and 40g are 24_, 8_, and 7_,
respectively. This shows a significant dependence on the normal stress; similar to what
was observed for the cyclic direct shear test results on the same interface (Figure 9). In
the case of Interface VI, the friction angle varies from 19_ at 1g to approximately 10_
at 40g. Centrifuge shaking table experiments were not conducted on a geotextile/geonet
(aligned) interface (Interface IV).

Figure 10. Block versus table accelerations from shaking table tests: a geotextile over
a geonet (transverse) (Interface V).
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Table 5. Results from centrifuge shaking table experiments using a geotextile over a
geonet (transverse) (Interface V).

g-level (g)
Shaking table acceleration at the

inception of sliding (g)
Coefficient of dynamic friction

( = Column 2 ÷ Column 1)
Dynamic friction

angle

1 0.45 0.44 24_

30 4.00 0.13 8_

40 5.00 0.13 7_

Table 6. Results from centrifuge shaking table experiments using a geotextile over a
geonet (longitudinal) (Interface VI).

g-level (g)
Shaking table acceleration at the

inception of sliding (g)
Coefficient of dynamic friction

( = Column 2 ÷ Column 1)
Dynamic friction

angle

1 0.34 0.34 19_

20 4.00 0.20 11_

30 6.00 0.20 11_

40 7.00 0.18 10_

4.3.4 Results

From the results shown in Section 4.3, it can be concluded that the behavior of the
geotextile/geonet interfaces appears to show a dependence on the normal stress. This
dependence is strong in the case of a transversely-orientated geonet (Interface V) and
not as pronounced in the case of a longitudinally-orientated geonet (Interface VI).

4.4 Smooth Geomembrane Over a Smooth Geomembrane (Interface VIII)

4.4.1 Cyclic Direct Shear Tests

The results of cyclic direct shear tests on Interface VIII (geomembrane/geomem-
brane interface) are plotted in Figure 11. The peak dynamic friction angle shows a
strong tendency to increase with the number of cycles in the first 20 cycles. Following
that, the rate of increase reduces, even though the increase continues to the end of the
experiment which occurred after 50 cycles. There is no evidence of dependence on nor-
mal stress for these test results.

The cause for the increase in the dynamic friction angle with an increasing number
of cycles is not completely understood. However, at the end of the tests, visual inspec-
tion of the specimens clearly showed surface abrasion of the geomembrane along the
direction of shear displacement. It is not clear whether such abrasion was caused by the
rapid movement of one layer of HDPE against another, or by a foreign object, such as
dust particles present at the interface. Regardless of the cause, it is obvious that the abra-
sions resulted in an increase in the dynamic friction angle during cyclic loading.
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5 SUMMARY AND CONCLUSIONS

5.1 Summary of Results

The dynamic frictional behavior of eight geosynthetic interfaces have been presented
in the current paper. The dynamic friction angles of the interfaces have been estimated
on the basis of cyclic direct shear experiments and shaking table tests, both at 1g and
high g-levels. The values of the friction angle obtained from the different experiments
are listed in Table 8. For comparison, the static friction angles from tilt table and direct
shear tests presented by De (1996) are also shown in Table 8.

In general, the results shown in Table 8 indicate that the initial values of static and
dynamic friction angles for the geosynthetic interfaces tested are similar. However, the
dynamic behavior of most interfaces is complicated by a dependence on the frequency
of excitation and the number of loading cycles.

It was observed that the dynamic shear strength of geotextile/smooth geomembrane
interfaces decreases slightly when subjected to repeated cycles of shear loading. This
is due to the polishing effect of the geotextile on the geomembrane.

Table 8. Average values of the peak friction angle for different geosynthetic interfaces.

Static friction angle Dynamic friction angle

Interface
description

Tilt
table

Direct
Direct shear tests

Shaking table
tests

description table
tests

Direct
shear tests

Direct shear tests

1g
10g

to 40g

Nonwoven geotextile
over smooth

geomembrane
11.8_ 12_ Decreases from 12.5 to 10.5_ 12_ 11_

Smooth geomembrane
over geonet
(transverse)

10.1_ 11.3_
Increases from 11 to 18_

(for low σ) or 14_ (for high σ)
12_ 7_

Smooth geomembrane
over geonet

(longitudinal)
9.8_ 11.3_

Increases from 10 to 18_
(for low σ) or 16.5_ (for high σ)

12_ 11_

Smooth geomembrane
over geonet

(aligned)
8.1_ 8.1_

Increases from 9 to 18_
(for both low and high σ)

------ ------

Nonwoven geotextile
over geonet
(transverse)

24.5_
Ranges from 22_

(at low σ) to
14.5_ (at high σ)

Ranges from 24_ (at low σ)
to 17_ (at high σ)

24_ 8_

Nonwoven geotextile
over geonet

(longitudinal)
13.9_

Ranges from 17_
(at low σ) to 14_

(at high σ)
15_ 19_ 11_

Nonwoven geotextile
over geonet (aligned)

11.2_ 10.5 11 to 10_ ------ ------

Smooth geomembrane
over smooth

geomembrane
13.1_ 8.8_ Increases from 10.3 to 19.5_ 19_ 13_
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cerning test methods, depending on the intended functions of the interface being de-
signed. The results of centrifuge shaking table tests on some of the interfaces indicate
a dependence on normal stress and frequency. Therefore, the use of this approach
should be supplemented by cyclic direct shear tests and 1g shaking table tests. Table
9 has been prepared to provide guidance to the design engineer in selecting the proper
testing procedures and values for the estimation of dynamic friction angles.
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A TECHNICAL NOTE REGARDING INTERPRETATION OF 
COHESION AND FRICTION ANGLE IN DIRECT SHEAR TESTS 

There is often confusion expressed in the geosynthetics industry over how laboratory direct shear results should be 
interpreted, specifically whether one should use both the friction angle and cohesion (or adhesion) parameters. The 
attached technical note from the April/May 2009 issue of Geosynthetics provides some guidance regarding this 
question, as well as several other issues related to direct shear results. 

Please note that this article is not intended to replace education or experience and should only be used in 
conjunction with professional judgment. In the end, all data should be evaluated by an experienced practitioner 
qualified to use the test results properly. 
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A technical note regarding interpretation of cohesion

(or adhesion) and friction angle in direct shear tests

Interpreting lab results
There is often confusion expressed in the
industry regarding how laboratory re-
sults should be interpreted, specifically:
whether one should use both the fric-
tion angle and cohesion (or adhesion)
parameters; whether cohesion should be
ignored; whether secant friction angles
are more appropriate; what to do if the
data are nonlinear; and how the data
should be interpolated or extrapolated.

The goal of this technical note is to
provide some guidance to take the mys-
tery out of these questions. In the end,
all data should be evaluated by an expe-
rienced practitioner qualified to use the
test results properly.

What this note wil not do is go into
the subtleties of requesting, setting up,
calibrating, and performing a direct
shear test. That would be the subject of
additional articles.

This article wil also not definitively describe how direct
shear test data should be interpreted. That is the responsibil-
ity of a professional with specific expertise, and one article
could never presume to cover all of the considerations that
might apply to any unique design problem that might arise.
That is why professionals are trained and mentored in basic
geotechnical principles: so they can appropriately account for

By Richard Thiel

Introduction

Direct shear testing 

with geosynthet-

ics is generally performed in accor-
dance with ASTM D5321, Standard Test
Method for Determining the Coefficient
of Soil to Geosynthetic or Geosynthetic to
Geosynthetic Friction by the Direct Shear
Method. There is also a related standard,
D6243, Standard Test Method for Deter-
mining the Internal and Interface Shear
Resistance of Geosynthetic Clay Liner by
the Direct Shear Method. This technical
note applies to both equally.
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Furter interpretation should be conducted by a qualified professional experienced in geosynthelc and geotehnical engineering.

the various factors affecting a design and make appropriate
decisions regarding test data interpretations.

The tyical sequence of events related to direct shear testing
includes the following:

1. An engineer requests a direct shear test series to obtain
data to help solve a problem. The request should be very
specific with regard to all the necessary details regarding

I Richard Thiel is a senior project manager at Vector Engineering Inc. in Grass Valley, Calif.
The Designer's Forum column is refereed by Greg Richardson, Ph.D., P.E., a principal at RSG & Associates, Raleigh, N.C., www.rsgengineers.com
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sampling, specimen preparation and setup
in the testing devìce, and test execution
in accordance with both project-specific
conditions and industry standards.

2. A competent and certified labora-
tory performs the test series in accor-
dance with the request and the industry
standard test method (e.g., ASTM D5321

or D6243). The laboratory reports results
to the engineer.

3. The engineer interprets and applies
the results to the project design.

What we are measuring in the

direct shear test is shear strength
as a function of normal load. The

test does not measure ¡Ifriction"

orllcohesion:1 as these are simply

mathematical parameters derived
from the laboratory test results.

Ideally the engineer who originally
specified and required the shear test
would be the same one who reviews and
interprets the results. Sometimes, such as
in a third-party construction quality as-
surance (CQA) project, an engineer other
than the original designer wil commis-
sion and review the testing. Interactions
with test laboratories and other engineers
over time have shown that there are often

misconceptions and misunderstandings
related to the interpretation of direct

shear test data. Thus, this article is in-
tended to serve the purpose of helping
project participants avoid confusion.
The key point of this article is that what
we are measuring in the direct shear test
is shear strength as a function of normal
load. The test does not measure "fric-
tion" or "cohesion;' as these are simply
mathematical parameters derived from
the laboratory test results.

Figure 1 presents shear test results of
a 4-point test for an interface between a
textured geomembrane and a reinforced
GCL. Three shear points, each at a dif-
ferent normal stress, are the most com-
mon number of points used to run a test
series, but the number of points could

vary from as few as one, to perhaps as many as six points, depending on many factors
beyond the scope of this article. The figure shows: (a) a table of the normal stresses vs.
peak and large-displacement shear strengths measured at 2.5in. of displacement, (b)
graphs of the shear stress vs. displacement measurements, and (c) notes describing
test conditions and observations.

There is adequate information in this figure for a trained practitioner to evaluate
and use the data. The laboratory has performed its duty, which is to measure and
report the shear strength under specified normal stresses (we are simplifyng the dis-

www.geosyntheticsmagazine.infoIGeosynthetics 11
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cussion here by not elaborating on other
factors such as hydration, consolidation,
etc.), showing how the shear strength
changed with displacement of the two
surfaces, and providing descriptive and
observational notes.

Figure 2 shows additional informa-
tion that can be provided by a laboratory
in the form of a graph of the peak and
large-displacement strengths plotted as a
function of normal stress. Best-fit straight
lines, called Mohr-Coulomb strength en-
velopes, named after the gentlemen who
first publicized the relationship between
shear strength and normal stress, have
been drawn through the two sets (peak
and large-displacement) of data points.

Equations can be written for these
lines, as we learned in first-year algebra
class, in the form of y = mx + b. In this
case we define y as the shear strength (S);
m as the slope of the line that we call the
"coeffcient of friction" and whose angle
is phi (lj), which we call the "friction
angle" (and thus tan(lj) is the slope of
the line); x is the normal stress (N); and
b is the y-intercept of the line that we
call either "adhesion" (a, usually used for
geosynthetics-only tests) or "cohesion"

(c, usually used for tests involving soils,
which wil be used for the remainder of
this article).

Mohr-Coulomb
In geotechnical engineering, we write
the Mohr-Coulomb equation for these
lines as:

S = No tan(lj) + c

This equation is written for peak,
large-displacement, or residual shear
strength conditions. The fundamental
points in this article regarding the pre-
sentation of the data in Figure 2 include
the following:

1. The Mohr-Coulomb envelope
should not be extrapolated beyond
the limits of the normal stresses under
which the testing was conducted. To do
so would never be conservative and, in
fact, may be significantly nonconserva-
tive. The reason that simple extension-
extrapolations of the Mohr-Coulomb

12 Geosynthetics I April May 2009
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Figure 21 Example of supplemental data interpretation provided by the laboratory.

envelope are non conservative is pre-
sented in Figure 3. Most shear strength
envelopes are truly curved (nonlinear).
This tendency for a curved failure en-
velope is exaggerated in Figure 3, but
can clearly be identified for the real-life
strength envelopes presented in Figure
2, in particular for large-displacement
conditions.

The Mohr-Coulomb model is merely
a linear simplification of a portion of
the entire envelope over a limited range
of normal stresses. If testing were per-
formed over a large enough range of nor-
mal stresses the curvature would become

more apparent. True shear strength enve-

lopes are found to be most accurately de-
scribed by hyperbolic functions. Giroud
et aL. (1993) provides a good method to
describe hyperbolic strength envelopes.

2. The values of phi and c should
be considered nothing more than
mathematical parameters to describe
the shear strength vs. normal stress
over the normal-load range the test
was conducted. It is perhaps better not
to think of "friction" and "cohesion" as
real material properties, but simply as
mathematical parameters to describe
the failure envelope.
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Figure 41 Example of safe shear strength extrapolation.

In geotechnical practice with soils,
there are situations and examples where

the cohesion parameter is evaluated sepa-
rately from the friction parameter, but
these are sophisticated considerations
that involve very project-specific mate-
rials and conditions and should only be
done by experienced professionals.

For many geosynthetic interfaces and
in the context of many tyes of projects,
there is absolutely no reason to dissociate
the slope of the line from its y-intercept,
and the shear strength should be taken as

'4 Geosynthetics I Aprii May 2009

a whole in those cases. Other situations
may occur, however, where it is appropri-
ate, but those considerations are beyond
the scope of this article.

3. In many, if not most, cases with
geosynthetics where there is no reason
to ignore the cohesion value, it is impor-
tant to re-emphasize that shear strength
should only be defined within the range
of normal stresses for which the Mohr-
Coulomb envelope was derived. Ignor-
ing the cohesion may be unjustifiably
penalizing the shear strength values that

were measured in the test, as ilustrated
in Figure 3.

Using the cohesion value at normal
stresses extrapolated below the range of
testing, however, could have dire conse-
quences on the safety of a design project.

This problem may occur when designers
consider only the operational or final
build-out of a facility and they ignore the
construction condition. Several failures
have occurred during construction be-
cause of this. For example, an embossed
geomembrane against a geotextile may
perform well under high normal loads
by providing a good friction angle and
a modest y-intercept for operating and
final build-out conditions. However,

under the low normal loads experienced
during construction of a thin soil ve-
neer on a steep sideslope, testing might
reveal that the adhesion extrapolated
from the high-normal load results do not
exist at low normal loads. In this case, a

more aggressive texturing that exhibits
a "Velcro.-effect" type of adhesion, or a
very high friction angle, at low normal
loads may be needed and should be veri-
fied at the proper normal loads.

4. Figures 1 and 2 also report secant
friction angles for each point. These are
the angles of the straight lines from each
point drawn back to the origin. A key
concept regarding secant friction angles
is that you should never extrapolate a
secant angle line beyond the normal load
for which it is measured. Secant values are
conservative as long as the secant values

are derived from a test whose normal
stress was greater than the normal stresses
of the design. They can quickly become
nonconservative if the same friction angle
is used for higher normal loads.

5. If users wish to extrapolate shear
strength data, Figure 4 ilustrates the only
"safe" way to accomplish this. Going from

the low end of the Mohr-Coulomb enve-
lope and extrapolating backward, the data
can be extrapolated by drawing a straight
line back to the origin. Going from the
high end of the Mohr-Coulomb envelope
and extrapolating forward, the data can
be extrapolated by drawing a straight line

REFERENCE 1-D



I Designer's Forum I

3500

c; 3000

Š 2500

~ 2000
e
èñ 1500
~
eu
(1.c
tJ

I I
Best-fit straight line through
data giving reults of c = 520

_ __ psf, and friction angle = 17.4°
I

_ _ Data point
(typ)

1000

500

o

I

i

....---------r

o

i

Specification line for friction
- angle = 20 degrees and c = 0I I

i

2000 4000 6000

Norma I Stress (pst)
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angle than specified value, even though shear strength results are higher than the failure
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horizontally forward. This extrapolation
rule is safe only when considering a single
interface. When multiple interfaces are
involved, it is not safe to extrapolate a
multi-layered system on the high side of
the Mohr-Coulomb envelope.

Prom the discussion above, we can
now look at the ASTM standard D5321
with more understanding and critical
thought. The first thing to note is that the
title of that standard is poorly worded.
The title is "Determining the Coefficient
of. . Friction. . ." This is somewhat mislead-

ing because it implies that the designer is
simply after a coefficient of friction. In
fact, what designers need is a relation-
ship between shear strength and normal
stress. Therefore, a more appropriate title
for this method would be "Determining
the Relationship between Shear Strength
and Normal Stress for Soil-to-Geosynthetic
or Geosynthetic-to-Geosynthetic Interfaces
Using the Direct Shear Method." Note that

ASTM D6243 has already rectified this
problem in its title.

Another misleading element in
ASTM D5321 is the definition of ad-
hesion (which applies equally to cohe-
sion), which it states as: "The shearing
resistance between two adjacent materi-

16 Geosynthetics I April May 2009

als under zero normal stress (emphasis
added). Practically, this is determined as
the y-intercept to a straight line relating
the limiting value of shear sLress that

resists slippage between two materials
and the normal stress across the contact
surface of the two materials:'

This is actually two separate defi-
nitions, which are most likely not the
intent of the standard. The first part
of this definition, which defines the
adhesion as the shear strength at zero
normal stress, is not applicable relative
to the test method. It could be true if we
proposed to test the interface at zero
normal load, but that is rarely done and
generally of no use. The industry would
be better served by deleting the first part
of the definition. In reality, the second
part of the definition is the controlling
aspect of the definition, and the "y-in-
tercept" concept is the true nature of the
adhesion value which, as stated above, is
simply a mathematical parameter.

Note that ASTM D6243 has a differ-
ent set of definitions, and it is not clear
if those definitions are unique to that
standard, or are intended to be industry
norms. ASTM D6243 suggests that ad-
hesion is the true shear strength when

8000 10000

there is truly zero normal load, and that
cohesion is the mathematical param-
eter of the y- intercept obtained from the
Mohr-Coulomb envelope. In the author's
opinion these definitions are acceptable
as stated, but the audience should know
that the definition of adhesion may con-
flct with other definitions put forward in
the industry. Also, other authors have in-
troduced other terms for the measurable
shear strength under zero normal load,
such as Lambe and Whitman's (1969)
"true cohesion," Interested readers can
research ASTM D6243 and the literature
and judge for themselves.

Example problem 1

The following situation ilustrates a com-
mon example of a problem that occurs
with shear test data interpretation:
. A specification is written that

requires a certain minimum inter-
face friction angle to be achieved
between a textured geomembrane
and a GCL. For purposes of this ex-

ample, the requirement is 20° peak
shear strength for normal loads
tested between 2,000 and 8,000
pounds per square foot (psf).

. The laboratory results, shown as an
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Figure 61 Example project results where the two lower points are above the specification and the
upper point is below the specification.

example in Figue 5, report a best-fit
Mohr-Coulomb peak strengt enve-

lope with shear strengt parameters of

500 psf cohesion and 15° friction. Fig-
ure 5 also shows the line representing
the minimum project specification.
Inspection of Figure 5 shows that the

shear strengths achieved in the direct
shear test plot above the shear strength
envelope required by the specification.
Even though the plot appears to clearly
indicate that the minimum required
shear strength is achieved by the prod-
ucts tested, the author has experienced
several projects where one of the proj-
ect parties (e.g., the design engineer or
perhaps a regulator) have declared the
test a failure because the reported Mohr-
Coulomb friction angle was less than the
specified friction angle.

In the author's opinion, in many cases
involving this particular interface, there is
no reason to consider this a failing test.

This example ilustrates the confusion
that might arise when specification is writ-
ten in terms of a shear -strengt parameter,

when the real objective is to achieve a
certain value of absolute shear strength.
Even though the materials provided the
shear strength required by the specifica-
tion, there is some confusion because one
of the strength parameters did not meet
the specified value for that parameter.

18 Geosynthetics I April May 2009

It is possible that the original specifier
had taken into account the potential for
cohesion, and had wished to discount
cohesion, and really wanted a true mini-
mum friction angle of20°. If the specifier
were truly that sophisticated and had
such complex reasoning, then more than
likely the specification would have also
been more sophisticated in explaining
these constraints on the test results.

In the author's experience it is rare
that other designers and specifiers are
discounting cohesion with geosynthetic

interfaces, and usualy it is simply a matter

of proper interpretation and communica-
tion of the design intent compared to the
actual test results. Nevertheless, as stated
at the beginning of this article, it is not
the intent of this article to provide guid-
ance and suggestions on interpreting test
results. Rather, the intent is to shed light
on some common misunderstandings.

Example problem 2

The following problem has the same lab-
oratory shear strength results as Problem
1, but the specification requirement is
increased to 22° peak shear strength.

The relationship between the test re-
sults and the specification is shown in
Figure 6. In this example, the two lower-
normal load shear strength test results plot
above the specification line, while the up-

per-normal load shear strength test result

plots below the specification line. Based
on the failing result of the upper-normal
load test, most reviewers would initially
say that this is a noncompliant test result
and fais to meet the specification.

In the author's experience, curved
failure envelopes are common, and the
tendency for the highest normal-load
result to fall beneath a straight-line fric-
tion-based specification is not unusuaL.

In this case, a more detailed review by
the design engineer might reveal that the
shear strengt results provide an acceptable

factor of safety for the intended purpose. It

may be that the additional strengt capacity
provided in the lower normal load range

that is above the specification more than
offsets the reduced strength capacity in the
upper normal load range that is below the
specification. Clearly, the only person who

can evaluate this issue, and who carries the
requisite authority and responsibilty is the
design engineer.

The following lessons can be gleaned
from this example:
. Design engineers often attempt

to specify a unique set of shear
strength parameters as a minimum
requirement for a given design.
Tn reality, there may be an infinite
combination of shear strength
variations over the applicable range
of normal loads that may satisfy
the stabilty and shear resistance
requirements, and many of these
combinations may have a portion
of their failure envelopes that fall
below the specification.

. The tendency for natural and geo-

synthetic interfaces to yield curved
failure envelopes can present a
challenge to engineers, owners, and

manufacturers who wish to optimize
a design using simple straight-line
shear strength specifications.

. A learned interpretation of direct

shear testing data by an experienced
practitioner may alow acceptance
of apparently faiing test results. This
can occur because overly simplistic
specification parameters may not ac-
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count for other combinations of shear
strength results that could provide ac-
ceptable overal shear resistance.

Summary
The direct shear test measures shear
strengths as a function of normal stress.
Period.

The test does not measure "friction
angle" or "cohesion;' as these values are
parameters that are derived from the test
results. Consideration of "friction angle"
and "cohesion" simply as mathemati-
cal parameters used to describe shear
strength data is of great benefit to practi-
tioners for the following four reasons:

1. Interpretation of laboratory shear
strength data should not be confused
with the mathematical parameters used
to describe it.

2. Proper data interpretation may
avoid unnecessary penalization of the
results by arbitrarily reducing the mea-
sured values.

3. This understanding can improve a
designer's sensitivity to how important it
is that shear strength is measured within
the range of normal stresses that repre-
sent the design. Thus, the only defend-
able extrapolation of data should be: (a)
back through the origin from the lowest
normal stress, and (b) horizontally from
the highest normal stress.

4. Laboratory shear strength data
should be interpreted by a qualified
practitioner experienced in the use and
application of the results.

Often of much more importance than
deciding whether to include or omit the
cohesion (or adhesion) parameter is the
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decision of whether to use peak, post-
peak, or residual shear strength. This
discussion is beyond the scope of this
technical note, and anyone commission-
ing and interpreting shear strength test-
ing should be well versed in the issues
surrounding this topic, as well.
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Static shear strength of geosynthetic clay liners
Part  2: Stat ic shear  st rength

Geosynthetics | February 2013

By Chris Athanassopoulos, P.E. and Patrick Fox, Ph.D., P.E.

Int roduct ion

Part 2 of our three-part series on geosynthetic clay liner (GCL) shear strength is devoted to static shear strength, which is the strength
measured for relatively slow loading conditions. Internal and interface static shear tests have been conducted for a wide range of GCL
materials and normal stress conditions (Gilbert et al., 1996; Fox et al., 1998; Triplett and Fox, 2001; Chiu and Fox, 2004; Fox and
Stark, 2004; Zornberg et al., 2005; McCartney et al., 2009; Fox and Ross, 2011). Part 2 presents some of this past research as well as
new strength data obtained for ultra-high normal stress conditions. The focus is hydrated needlepunch-reinforced (NP) GCLs and
their interface with textured high-density polyethylene (HDPE) geomembranes (GMXs), which are common liner materials,
particularly in North and South America. Most of the test results presented herein were obtained using a large dynamic direct shear
machine described by Fox et al. (2006). The main capabilities of this machine include a 305mm × 1067mm specimen size, a maximum
normal stress of 2071 kPa, and a maximum shear displacement of 254mm. Subsequent modifications have made it possible to test
specimens measuring 152mm × 1067mm, and thereby double the maximum normal stress to more than 4100 kPa. Although
previously unnecessary, such high normal stress levels are becoming relevant for design of large facilities. Shear strength data
presented in this article, as well as any other publications, are suitable only for preliminary design purposes. Final design values must
always be measured using project-specific tests.

GCL  in ternal shear  st rength

Hydrated sodium bentonite has very low shear strength. For example, Fox et al. (1998) sheared a hydrated unreinforced GCL and
reported a peak friction angle φp = 10.2° and a residual friction angle φr = 4.7°. To increase the internal peak strength of a GCL,
geosynthetic reinforcement is used to transmit shear stress across the weak hydrated bentonite layer. Reinforced GCLs can be
manufactured as needlepunched or stitch-bonded. Needlepunching is now the preferred method and involves the use of barbed needles
to pull nonwoven fibers from one geotextile through the bentonite core and the opposite geotextile. The industry uses the GCL peel
strength index test (ASTM D6496) to assess the quality and strength of needlepunched reinforcement.

Figure 1 compares peak and residual failure envelopes for an unreinforced GCL, a stitch-bonded (SB) GCL, and two woven/nonwoven
NP GCLs with different peel strengths(Fp). The peak strength (τp) envelopes indicate that reinforced GCLs are substantially stronger
than unreinforced GCLs and that NP GCLs gain strength much faster than SB GCLs with increasing normal stress. The envelopes
further indicate that higher peel strengths are associated with higher peak strengths for NP GCLs. Athanassopoulos and Yuan (2011)
also found a correlation between peel strength and peak strength for a woven/nonwoven NP GCL. However, Zornberg et al. (2005)
showed no clear trend between peel strengths and internal peak strengths for a large database of direct shear tests on the same type of
NP GCL. Further work is needed to explain the inconsistency between these studies. The residual strength (τr) envelopes in Figure 1 are
the same for all types of GCLs because any reinforcement is ruptured by the time a GCL reaches the residual shear condition.

More recently, Fox and Ross (2011) performed a series of internal shear tests on a nonwoven/nonwoven NP GCL for normal stresses
ranging from 71.9 kPa to 2071 kPa. This GCL contained 3.7 kg/m2 of granular bentonite needlepunched between two 200 g/m2

nonwoven geotextiles and had an average peel strength of 2170 N/m. The resulting internal peak and residual failure envelopes are
shown in Figure 2.
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The peak envelope is bilinear and can be described by the following regression equations:

τp (kPa) = 83.7 kPa + σn tan 23.7° (71.9 ≤ σn ≤ 692 kPa)
τp (kPa) = 261.2 kPa + σn tan 9.9° (692 ≤ σn ≤ 2071 kPa)

Secant friction angles, defined as φsec = arctan(τ/ σn) , provide additional perspective on the variation of shear strength with changing
normal stress. In this case, internal peak secant angles decreased from 57.6° at φn = 71.9 kPa to 16.8° at φn = 2071 kPa. The internal
residual shear strength envelope is linear and is described by:

τr (kPa) = 1.3 kPa + σn tan 4.8° (71.9 ≤ σn ≤ 2071 kPa)

Corresponding internal residual secant angles decreased from 7.8° at σn = 71.9 kPa to 4.7° at σn = 2071 kPa. These values are
consistent with Figure 1 and indicate that little to no NP reinforcement remains intact after 200 mm of shear displacement.

GMX/ GCL  in terface shear  st rength

GMX/NP GCL interface shear tests have been performed by various researchers (Gilbert et al., 1996; Triplett and Fox, 2001; Chiu and
Fox, 2004; Vukelic et al., 2008; McCartney et al., 2009). General findings from this work show that peak shear strengths for GMX/NP
GCL interfaces are lower than for NP GCLs at low to moderate normal stress conditions. Additionally, peak interface strengths for a
GMX placed against the nonwoven side of a NP GCL are higher than those for the woven side due to extrusion of hydrated bentonite
through the woven geotextile. The quantity of extruded bentonite typically increases with increasing normal stress and is greater when
a GCL is hydrated under low normal stress conditions.

Fox and Ross (2011) also completed a series of interface shear tests between a GMX and the same nonwoven/nonwoven NP GCL as
previously discussed. The GMX was a 1.5mm-thick HDPE geomembrane with structured texturing and an average asperity height of
0.72 mm. Results are presented in Figure 2. The peak strength failure envelope is described by:

τp (kPa) = 8.2 kPa + σn tan 18.4° (71.9 ≤ σn ≤ 692 kPa)

Corresponding interface peak secant angles decreased from 24.1° at φn = 71.9 kPa to 14.9° at φn = 2071 kPa. At low normal stress, the
large displacement (200mm) envelope is described by:

τ200 (kPa) = 7.3 kPa + σn tan 10.5° (71.9 ≤ σn ≤ 692 kPa)

Residual secant angles decreased from 15.5° at σn = 71.9 kPa to 4.5° at σn = 2071 kPa. With increasing normal stress above 692 kPa,
the failure mode transitioned from the GMX/GCL interface to GCL internal, and both the peak and large displacement envelopes
became nonlinear. Partial internal failure occurred at 1382 kPa and complete internal failure occurred at 2071 kPa. As a result, the
residual shear strength of the GMX/GCL interface test at 2071 kPa was equal to that of the GCL internal test because the NP
reinforcement of the GCL was completely ruptured after 200mm of displacement.

The nonlinear failure envelopes in Figure 2 provide another example illustrating that linear extrapolation of measured data above or
below the tested range of normal stress may overestimate shear strength and should not be attempted. Similar recommendations have
been made by Thiel (2009) and others.

Failure mode t ransit ion

At high normal stress, the interface strength between a GMX and a NP GCL can exceed the strength of the needlepunched
reinforcement and failure of a GMX/NP GCL composite liner system can occur internally within the GCL. The critical normal stress
associated with this failure mode transition depends on the specific materials (e.g., GCL peel strength, GMX texturing and asperity
height) and testing conditions (e.g., hydration/consolidation, displacement rate) and, as such, can vary over a wide range. Triplett
and Fox (2001) observed no GCL internal failures for GMX/NP GCL interface tests conducted at normal stresses as high as 486 kPa.
McCartney et al. (2009) likewise reported no GCL internal failures in a database of 534 geomembrane/GCL interface tests performed at
normal stresses as high as 965 kPa. Similarly, Athanassopoulos et al. (2009) did not observe GCL internal failure until the normal
stress reached 2759 kPa. The variability of normal stress at failure mode transition highlights the need for project-specific shear tests
using representative materials and conditions. Observations of internal shear failure of NP GCLs are thus far limited to the laboratory
because there are no known cases of internal shear failure of NP GCLs in the field (Fox and Ross, 2011; Koerner, 2012). Nonetheless, the
potential for both interface and internal failure should be considered for designs that subject hydrated NP GCLs to high normal stress
levels.

Shear  st rength  at  ult ra-h igh  normal st ress

Athanassopoulos et al. (2012) and Thielmann et al. (2013) evaluated GMX/NP GCL interface strengths for normal stresses as high as
4144 kPa. The NP GCL contained 3.7 kg/m2 of granular bentonite needlepunched between two 200 g/m2 nonwoven geotextiles and
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had an average peel strength of 2224 N/m. The GMX was a 1.5mm-thick HDPE geomembrane with co-extruded texturing and asperity
heights ranging from 0.51 to 0.58 mm. Two sets of tests were conducted: (1) GMX/NP GCL interface tests with the materials placed
between rigid backing plates; and (2) GMX/NP GCL interface tests with the materials placed between a lower layer of sand and an
upper layer of coarse gravel, to better replicate common field conditions. For the first test series, interface peak secant angles decreased
from 21.6° at 348 kPa to 13.4° at 4144 kPa, and corresponding interface large displacement secant angles decreased from 7.1° to 3.5°.
Internal GCL failures were observed for normal stress levels of 2072 kPa and above. Interestingly, as shown in Figure 3, repeating these
tests with the GMX/NP GCL liner system placed between soil layers produced modest increases (up to 8.5%) in peak shear strength
and dramatic increases (up to 83%) in large displacement shear strength.

The increase in strength is due to local out-of-plane deformation, or “dimpling,” of the liner components under the gravel particles,
similar to those observed by Breitenbach and Swan (1999) and Parra et al. (2010). These results suggest that the common practice of
performing direct shear tests using rigid backing plates is conservative with regard to shear strength of GMX/GCL composite liners
that are overlain by gravelly soils.

Summary  and final comments

High quality data on static shear strengths of GCLs and GCL interfaces are needed for stability analyses of liner systems that
incorporate these unique materials. The following conclusions are based on the foregoing review of selected research on this topic:

Reinforced GCLs are substantially stronger than unreinforced GCLs. NP GCLs gain strength much faster with increasing
normal stress than SB GCLs. Higher peel strengths are often associated with higher peak strengths for NP GCLs.

Peak shear strengths for a GMX interface with the nonwoven side of a NP GCL are consistently higher than those for the
woven side. The quantity of bentonite extruded to the interface typically increases with increasing normal stress and is less for
nonwoven geotextiles than for woven geotextiles.

Peak shear strengths for GMX/NP GCL interfaces are generally lower than for NP GCLs at low to moderate normal stress
conditions.

GMX/NP GCL interfaces can experience GCL internal failure at high normal stress. The critical normal stress at which such
failure mode transition occurs is highly dependent on the specific materials and testing conditions, and has been shown to
range from 692 to 2759 kPa in recent studies.

Internal failures of NP GCLs have thus far been observed only in the laboratory. Fox and Ross (2011) and Koerner (2012)
report that there are no known cases of internal shear failure of NP GCLs in the field. Nonetheless, the potential for both
interface and internal failure should be considered for designs that subject hydrated NP GCLs to high normal stress levels.

The widespread practice of conducting direct shear tests on single interfaces with rigid backing plates appears to be
conservative with regard to shear strength, and especially large displacement shear strength, of GMX/GCL composite liners
that are overlain by gravelly soils.

The variability of static shear strengths of GCLs and GCL interfaces highlights the need for project-specific shear tests using
representative materials and conditions.

Part 3 will conclude this series with a discussion of the dynamic shear strength of GCLs. This emerging area of research is an important
consideration for GCL liner systems subject to earthquakes and other dynamic loadings.
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There are not yet any comments.
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HERCULINE SPECIFICATIONS 
HDPE Smooth 

Herculine High Density Polyethylene is produced from virgin polyethylene resins. Herculine HDPE 
has outstanding chemical resistance, mechanical properties, environmental stress crack resistance, 
dimensional stability, and thermal aging characteristics.  Herculine HDPE contains approximately 
97.5% polymer and 2.5% carbon black, antioxidants and heat stabilizers, and contains no other 
additives, fillers or extenders.  Herculine HDPE has excellent UV resistance.  Herculine HDPE does 
not contain plasticizers which can migrate to the surface, causing premature aging.  Manufactured from 
virgin polyethylene resins, it is designed to provide a high quality, economical geomembrane. 

Properties Test Method Typical Average Roll Values 

Color Black Black Black Black
Thickness, mils – (min. ave.) ASTM D5199 12 20 30 40 
• Lowest individual -15% -10% -10% -10%
Density, gram/cm3 - (min.) ASTM D1505 .94 .94 .94 .94 
Tensile Properties – Each Direction ASTM 
Tensile Strength at Break, lbs/in width 
(N/mm) 

D6693 Type IV 43 (7) 76 (13) 114(20) 152(27) 

Tensile Strength at Yield, lbs/in width 
(N/mm) 

Dumbell, 2 ipm 23 (4) 42 (7) 63 (11) 84 (15) 

Elongation at Break, % G.L.  2.0 in 700 700 700 700 
Elongation at Yield, % G.L. 1.3 in 12 12 12 12 
Tear Resistance, lbs. (N ) ASTM D1004 7 (33) 13 (59) 21 (93) 28(125) 
Puncture Resistance, lbs. (N) ASTM D4833 19(86) 34(152) 54(240) 72(320) 
Carbon Black, % (min.) ASTM D1603 2 2 2 2 
Carbon Black Dispersion ASTM D5596 Note (1) Note (1) Note (1) Note (1) 

Note 1: 9 of 10 views shall be category 1 or 2. No more than 1 view from category 3. 

This data is provided for informational purposes only. In-Line Plastics, LC makes no warranties as to the suitability or the 
fitness for a specific use or merchantability of products referred to, no guarantee of satisfactory results from reliance upon 
contained information or recommendations and disclaims all liability from resulting loss or damage.  This information is 
subject to change without notice, please check with In-Line Plastics for current updates.   
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Geotextile Product Description Sheet 

SKAPS GE-110 
10 oz Nonwoven Geotextile

SKAPS GE-110 is a needle-punched nonwoven geotextile made of 100% polypropylene staple 
fibers, which are formed into a random network for dimensional stability.  SKAPS GE-110 resists 
ultraviolet deterioration, rotting, biological degradation, naturally encountered basics and acids. 
Polypropylene is stable within a pH range of 2 to 13.  SKAPS GE-110 conforms to the physical 
property values listed below: 

PROPERTY TEST METHOD UNIT M.A.R.V. 
(Minimum Average Roll Value) 

Weight ASTM D 5261 oz/sy (g/m2) 10.0 (339)  
Thickness* ASTM D 5199 mils (mm) 110 (2.79) 
 
Grab Tensile ASTM D 4632 lbs (kN) 270 (1.20)  
Grab Elongation ASTM D 4632 % 50  
Trapezoid Tear Strength ASTM D 4533 lbs (kN) 100 (.44)  
Puncture Resistance ASTM D 4833 lbs (kN)  165 (.733)  
Mullen Burst Strength ASTM D 3786 psi (kPa) 525 (3617)  
Permittivity* ASTM D 4491 sec-1 .94  
Permeability* ASTM D 4491 cm/sec .30  
Water Flow* ASTM D 4491 gpm/ft2 (l/min/m2) 75 (3055)  
AOS* ASTM D 4751 US Sieve (mm) 100 (.150) 

UV Resistance ASTM D 4355 %/hrs 70/500 
* At the time of manufacturing.  Handling, storage and shipping may change these properties.

PACKAGING 
Roll Dimensions (W x L) – ft 15 x 570 
Square Yards Per Roll 950 
Estimated Roll Weight - lbs 620 

This information is provided for reference purposes only and is not intended as a warranty or guarantee.  SKAPS assumes 
no liability in connection with the use of this information. 

SKAPS Industries, 316 S. Holland Dr., Pendergrass, GA 30567, Phone (706) 693-3440, Fax (706) 693-3450, Email: 
info@skaps.com 

   Made in U.S.A. 

Mass: 10 oz/sy = 0.625 lb/sy x 1 sy/9 sf = 0.069 lb/ft2
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Skaps Industries, Inc. 
                                                                                       Drainage Division  

3985 Steve Reynolds Blvd., Bldg. H 
Norcross, GA  30093 

Phone: (770) 564-1857 
Fax: (770) 564-1818 

 
 
 Drainage Product Description Sheet 
 US Ecology Nevada, Inc. 
 TRANSNET 220   
Transnet 220 is a superior quality drainage media made by extruding two sets of HDPE strands together to 
form a diamond shaped net.  This three dimensional structure provides excellent planar liquid flow.  The 
Transnet 220 conforms to the physical property values listed below: 

 

  
NET PROPERTY 

  
TEST METHOD 

  
UNITS 

  
M.A.R.V. 

Minimum Average 
Roll Value   

Weight 
  

ASTM D-5261 
  

lbs/ft2 
  

0.162   
Thickness 

  
ASTM D-5199 

  
mils 

  
220 +/- 20   

Density of Polymer 
  

ASTM D-1505 
  

g/cm3 
  

0.940   
Tensile Strength 

  
ASTM D-5035 

  
lbs/in 

  
45   

Carbon Black Content 
  

ASTM D-1603 
  

% 
  

2   
Transmissivity 

  
ASTM D-4716 

  
m2/s(gpm/sf) 

  
2 x10-3*(9.66)  

Melt Flow Index 
 

ASTM D-1238 
 

g/10min 
 

1 max 
 

 
Roll size 

 
14.5' x 300' 

 
 
 *Transmissivity measured using water at 20 Degree C (68 degree F) with a gradient of 0.1, under a confining 
pressure of 10,000 psf, between two steel plates, after 15 minutes.  Values may vary based on dimension of 
the transmissivity specimen and specific laboratory. 
 
 

 
 
 
 
 
 

The information contained herein has been compiled by Engineered Synthetic Products Inc. and is, to the best of our knowledge, true 
and accurate.  All suggestions or recommendations are offered without guarantee.  Final determination of suitability for use based on 
any information provided, is the sole responsibility of the user.  There is no implied or expressed warranty of merchantability or fitness 
of the product for the contemplated use. 
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Notes:
All rolls are supplied with two slings. All rolls are wound on a 6 inch core. Special roll lengths are available on request. 

All information, recommendations and suggestions appearing in this literature concerning the use of our products are based upon tests and data believed
to be reliable; however, it is the users responsibility to determine the suitability for their own use of the products described herein. Since the actual 
use by others is beyond our control, no guarantee or warranty of any kind, expressed or implied, is made by Agru/America as to the effects of such use
or the results to be obtained, nor does Agru/America assume any liability in connection herewith. Any statement made herein may not be absolutely
complete since additional information may be necessary or desirable when particular or exceptional conditions or circumstances exist or because of
applicable laws or government regulations. Nothing herein is to be construed as permission or as a recommendation to infringe any patent. 

© Agru America, Inc. 2007

500 Garrison Road, Georgetown, South Carolina 29440 843-546-0600 800-373-2478 Fax: 843-527-2738
email: salesmkg@agruamerica.com          www.agruamerica.com

Supply Information  (Standard Roll Dimensions)

Thickness Width Length Area (approx.) Weight (average)
mil    mm ft      m ft      m ft2 m2 lbs      kg

Thickness, nominal (mm) 60 (1.5) 80 (2.0) 100 (2.5)

Thickness (min. ave.), mil (mm) ASTM D5994* 57 (1.43) 76 (1.90) 95 (2.38)

Thickness (lowest indiv. for 8 of 10 spec.), mil (mm) ASTM D5994* 54 (1.35) 72 (1.80) 90 (2.25)

Thickness (lowest indiv. for 1 of 10 spec.), mil (mm) ASTM D5994* 51 (1.28) 68 (1.70) 85 (2.13)

*The thickness values may be changed due to project specifications (i.e., absolute minimum thickness)

Asperity Height (min. ave.), mil (mm) GRI GM12 16 (.41) 16 (.41) 16 (.41)

Density, g/cc, minimum ASTM D792, Method B 0.94 0.94 0.94

Tensile Properties (ave. both directions) ASTM D6693, Type IV

Strength @ Yield (min. ave.), lb/in width (N/mm) 2 in/minute 132 (23.1) 176 (30.8) 220 (38.5)

Elongation @ Yield (min. ave.), % (GL=1.3in) 5 specimens in each direction 13 13 13

Strength @ Break (min. ave.), lb/in width (N/mm) 132 (23.1) 176 (30.8) 220 (38.5)

Elongation @ Break (min. ave.), % (GL=2.0in) 350 350 350

Tear Resistance (min. ave.), lbs. (N) ASTM D1004 45 (200) 60 (267) 72 (320)

Puncture Resistance (min. ave.), lbs. (N) ASTM D4833 120 (534) 150 (667) 180 (801)

Carbon Black Content (range in %) ASTM D4218 2 - 3 2 - 3 2 - 3

Carbon Black Dispersion (Category) ASTM D5596 Only near spherical agglomerates

for 10 views: 9 views in Cat. 1 or 2, and 1 view in Cat. 3

Stress Crack Resistance (Single Point NCTL), hours ASTM D5397, Appendix 300 300 300

Oxidative Induction Time, minutes ASTM D3895, 200°C, 1 atm O2 ≥100 ≥100 ≥100

Melt Flow Index, g/10 minutes ASTM D1238, 190°C, 2.16kg ≤1.0 ≤1.0 ≤1.0

Oven Aging  ASTM D5721 80 80 80

with HP OIT, (% retained after 90 days) ASTM D5885, 150°C, 500psi O2

UV Resistance GRI GM11 20hr. Cycle @ 75°C/4 hr. dark condensation @ 60°C

with HP OIT, (% retained after 1600 hours) ASTM D5885, 150°C, 500psi O2 50 50 50

60 1.5 23 7 410.1 125 9,419 875 3,356 1,522

80 2.0 23 7 328.1 100 7,535 700 3,306 1,500

100 2.5 23 7 246.1 75 5,651 525 3,167 1,436

High Density Polyethylene (Single Sided)
Micro Spike® Liner
Product Data

Property Test Method Values

These product specifications meet or exceed GRI’s GM13

0.94 g/cm3 x (76/1000 inch x 2.54 cm/1 inch) = 0.181 g/cm2 = 0.37 lb/ft2
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Skaps Industries, Inc. 
3985 Steve Reynolds Blvd. 

Norcross, GA  30093 
Phone: (770)564-1857 
Fax: (770) 564-1818 

DRAINAGE PRODUCT DESCRIPTION SHEET 
US Ecology Nevada, Inc. 

TRANSNET 220-2-6 

Transnet 220-2-6 is a superior quality drainage media made by extruding two sets of HDPE strands together to form a diamond shaped 
net.  The net is then heat laminated to a 6 ounce non-woven fabric.  This three dimensional structure provides excellent planar liquid 
flow.  The Transnet 220-2-6 conforms to the physical property values listed below: 

NET PROPERTY TEST METHOD UNITS MINIMUM AVERAGE ROLL VALUE 

Mass Per Unit Area ASTM D-5261 lbs/ft2 0.162 

Thickness ASTM D-5199 mils 220 +/- 20 

Density of Polymer ASTM D-1505 g/cm2 0.94 

Carbon Black ASTM D-1603 % 2.0 

Transmissivity (Geocomposite) ASTM D-4716 Gpm/ft2 0.48 

Tensile Strength ASTM D-5035 lbs/in 50 

Ply Adhesion ASTM 413 lbs/in 1.0 
*Transmissivity of the geocomposite measured using water at 20 Degrees C with a gradient of 0.02, between 2 steel plates, under a
confining pressure of 10,000psf, after 15 minutes.  Values may vary based on dimension of the transmissivity specimen and specific 
laboratory. 

STYLE GE-160 
GE-160 is a superior quality, nonwoven geotextile produced by needlepunching together 100% polypropylene staple fibers in a random 
network to form a high strength dimensionally stable fabric.  The polypropylene fibers are specially formulated to resist ultraviolet light 
deterioration, and are inert to commonly encountered soil chemicals.  The fabric will not mildew, is non-biodegradable, and is resistant 
to damage from insects and rodents.  Polypropylene is stable within a ph range of 2 to 13.  GE160 conforms to the physical property 
values below: 

FABRIC PROPERTY TEST METHOD UNITS MINIMUM AVERAGE ROLL VALUE 

Weight ASTM D-5261 oz 6.0 

Grab Tensile ASTM D-4632 lbs 160 

Grab Elongation ASTM D-4632 % 50 

Puncture ASTM D-4833 lbs 90 

Water Flow Rate ATMD D-4491 gpm/ft2 110 

Permittivity* ASTM D-4491 sec-1 1.5 

UV Resistance ASTM D-4355 % hours 70 @ 500 

AOS ASTM D-4751 US Sieve 70(max) 
*At time of manufacturing.  Handling may change these properties.

To the best of our knowledge the information contained herein is accurate.  However, ESP, Inc. cannot anticipate all conditions under which ESP’s product 
information and our products, or the products of other manufacturers in combination with our products, may be used.  We accept no responsibility for results 
obtained by the application of this information or the safety or suitability of our products either alone or in combination with other products.  Final determination 
of the suitability of any information or material for the use contemplated, of its manner of use, and whether the suggested use infringes any patents is the sole 
responsibility of the user. 

Fabric: 6 oz/sy x 1 lb/16 oz x 1 sy/9 sf = 0.042 lb/ft2

Geocomposite = Fabric + Net + Fabric = 0.042 lb/ft2 + 0.162 lb/ft2 + 0.042 lb/ft2  = 0.25 lb/ft2
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Notes:
All rolls are supplied with two slings. All rolls are wound on a 6 inch core. Special roll lengths are available on request. 

All information, recommendations and suggestions appearing in this literature concerning the use of our products are based upon tests and data believed
to be reliable; however, it is the users responsibility to determine the suitability for their own use of the products described herein. Since the actual 
use by others is beyond our control, no guarantee or warranty of any kind, expressed or implied, is made by Agru/America as to the effects of such use
or the results to be obtained, nor does Agru/America assume any liability in connection herewith. Any statement made herein may not be absolutely
complete since additional information may be necessary or desirable when particular or exceptional conditions or circumstances exist or because of
applicable laws or government regulations. Nothing herein is to be construed as permission or as a recommendation to infringe any patent. 

© Agru America, Inc. 2007

Executive Offices: 500 Garrison Road, Georgetown, SC 29440 843-546-0600 800-321-1379 Fax: 843-546-0516
email: salesmkg@agruamerica.com

Supply Information  (Standard Roll Dimensions)

Thickness Width Length Area (approx.) Weight (average)
mil    mm ft      m ft      m ft2 m2 lbs      kg

Thickness, nominal (mm) 30 (.75) 40 (1.0) 60 (1.5) 80 (2.0) 100 (2.5)

Thickness (min. ave.), mil (mm) ASTM D5994* 29 (.71) 38 (.95) 57 (1.43) 76 (1.90) 95 (2.38)

Thickness (lowest indiv. for 8 of 10 spec.), mil (mm) ASTM D5994* 27 (.68) 36 (.90) 54 (1.35) 72 (1.80) 90 (2.25)

Thickness (lowest indiv. for 1 of 10 spec.), mil (mm) ASTM D5994* 26 (.64) 34 (.85) 51 (1.28) 68 (1.70) 85 (2.13)

*The thickness values may be changed due to project specifications (i.e., absolute minimum thickness)

Asperity Height (min. ave.), mil (mm) GRI GM12 16 (.41) 16 (.41) 16 (.41) 16 (.41) 16 (.41)

Density, g/cc, minimum ASTM D792, Method B 0.94 0.94 0.94 0.94 0.94

Tensile Properties (ave. both directions) ASTM D6693, Type IV

Strength @ Yield (min. ave.), lb/in width (N/mm) 2 in/minute 66 (11.6) 88 (15.4) 132 (23.1) 176 (30.8) 220 (38.5)

Elongation @ Yield (min. ave.), % (GL=1.3in) 5 specimens in each direction 13 13 13 13 13

Strength @ Break (min. ave.), lb/in width (N/mm) 66 (11.6) 88 (15.4) 132 (23.1) 176 (30.8) 220 (38.5)

Elongation @ Break (min. ave.), % (GL=2.0in) 350 350 350 350 350

Tear Resistance (min. ave.), lbs. (N) ASTM D1004 23 (102) 30 (133) 45 (200) 60 (267) 72 (320)

Puncture Resistance (min. ave.), lbs. (N) ASTM D4833 60 (267) 90 (400) 120 (534) 150 (667) 180 (801)

Carbon Black Content (range in %) ASTM D4218 2 - 3 2 - 3 2 - 3 2 - 3 2 - 3

Carbon Black Dispersion (Category) ASTM D5596 Only near spherical agglomerates

for 10 views: 9 views in Cat. 1 or 2, and 1 view in Cat. 3

Stress Crack Resistance (Single Point NCTL), hours ASTM D5397, Appendix 300 300 300 300 300

Oxidative Induction Time, minutes ASTM D3895, 200°C, 1 atm O2 ≥100 ≥100 ≥100 ≥100 ≥100

Melt Flow Index, g/10 minutes ASTM D1238, 190°C, 2.16kg ≤1.0 ≤1.0 ≤1.0 ≤1.0 ≤1.0

Oven Aging  ASTM D5721 80 80 80 80 80

with HP OIT, (% retained after 90 days) ASTM D5885, 150°C, 500psi O2

UV Resistance GRI GM11 20hr. Cycle @ 75°C/4 hr. dark condensation @ 60°C

with HP OIT, (% retained after 1600 hours) ASTM D5885, 150°C, 500psi O2 50 50 50 50 50

30 .75 23 7 600.1 182.9 13,782 1,280 3,325 1,510

40 1.0 23 7 600.1 182.9 13,782 1,280 3,325 1,510

60 1.5 23 7 410.1 125 9,419 875 3,356 1,522

80 2.0 23 7 328.1 100 7,535 700 3,306 1,500

100 2.5 23 7 246.1 75 5,651 525 3,167 1,436

High Density Polyethylene
Micro Spike® Liner
Product Data

Property Test Method Values

These product specifications meet or exceed GRI’s GM13

0.94 g/cm3 x (57/1000 inch x 2.54 cm/1 inch) = 0.136 g/cm2 = 0.28 lb/ft2
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PRODUCT CERTIFICATIONS 
 
PROJECT NAME: US Ecology Trench 12 
CUSTOMER P.O.: 13006 
ORDER NUMBERS: 000291050 
PREPARED FOR: EC Applications 
 
The GCL manufactured for the above-referenced order number(s) is certified to meet the values listed in the tables below: 
 
GCL PROPERTY SPECIFICATIONS FOR BENTOMAT DN 

Bentonite property tests are performed at a bentonite processing facility before shipment to CETCO's production facility. 
All tensile testing is in the machine direction using ASTM D 6768. All peel strength testing is performed using 
ASTM D 6496. Upon request tensile and peel results can be reported per modified ASTM D 4632 using 4 inch grips. 
 
 
NEEDLE DETECTION AND REMOVAL PROCEDURE 
 
CETCO hereby affirms that all Bentomat® geosynthetic clay liner material manufactured for this project is continually  
passed under a magnet for needle removal and then screened with a metal detection device. CETCO certifies Bentomat®  
to be essentially free of broken needles and fragments of needles that would negatively effect the performance of the final product. 
 

 
Roger B. Wilkerson 
Quality Assurance Coordinator 

Test Method Test Method Property Test Frequency Certified Value
ASTM D 5891 Bentonite Fluid Loss 1 per 50 Tons 18 ml Max
ASTM D 5993 Bentonite Mass/Area 40,000 sq ft (4000 sq m) 0.75 lb /sq ft Min
ASTM D 5890 Bentonite Swell Index 1 per 50 Tons 24 ml/2g Min
ASTM D 6768 GCL Grab Strength 200,000 sq ft (20,000 sq m) 50 lbs/in MARV
ASTM D 6243 GCL Hydrated Internal Shear Strength Periodic 500 psf typ @ 200 psf normal load
ASTM D 5887 GCL Hydraulic Conductivity Weekly 5.0E-9 cm/s Max
ASTM D 5887 GCL Index Flux Weekly 1.0E-8 m3/m2/s Max
ASTM D 6496 GCL Peel Strength 40,000 sq ft (4000 sq m) 3.5 lbs/in Min
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 optimizing environmental resources - water; air; earth 

CALCULATION SUMMARY SHEET Page 1 of 11 

PROJECT NUMBER: 143418  
PROJECT NAME: USEN – Trench 13 Design  
DATE: March 25th, 2015  
CALCULATION NUMBER: C.10 Revision:  1 (March 11, 2016)  
 
CALCULATION TITLE:  Anchor Trench Dimensions 
 
DESCRIPTION OF CALCULATION: 
Calculation to determine required anchor trench dimensions for Trench 13  
  
  
  
 
REFERENCES USED: Number of Reference Pages Attached:  
1-5  Technical Journals for Interpretation of Friction Angles of Geosynthetics   
6. Koerner, Robert M. Designing with Geosynthetics ( 3rd Edition 1994) Anchor Trench Design  
7. Product Specifications for Geosynthetic Clay Liners  
  
 
REVIEW COMMENTS: 
  
  
.  
  

CALCULATION MADE BY: CWK DATE: 3/25/15 

CALCULATION CHECKED BY: PAZ DATE: 04/27/15 

CALCULATION REVISED BY: CWK DATE: 04/28/15 

CALCULATION REVIEWED BY: CAB DATE: 4/28/15 

 



 Prepared by:  CWK   Date: 1/20/15 
 Checked by:  PAZ   Date:  4/24/15 
 Page 2 of 11 

PURPOSE OF CALCULATION 

To evaluated the tensile strength capacity of the anchor trench for Trench 13 liner 
system, and provided basis for the specified dimensions of the anchor trench. 

METHOD 

The tensile strength capacity of the anchor trench is evaluated using the methodology 
presents in Koerner (1994) Designing with Geosynthetics.  The methodology is based 
on a static equilibrium analysis of the frictional forces acting on the liner system.  

APPROACH 

• Assume tension in liner system is taken by the sum of the frictions resistance in the 
anchor trench. 

• Illustrated in the diagram below, assume frictionless pulleys at angle points in order 
to simplify analysis. 

 

• 𝐹𝐹𝑖𝑖 = Resistance along soil/liner system interface 

• Maximum tension from the liner system due to gravity, wind uplift, seismic 
deformation, and waste settlement were determined in the Liner Stability on Trench 
13 Side Slopes Calculation (Calculation C.09).  

• Friction angles between interfaces of liner components and compacted backfill are 
determined from technical journals provided in the reference section of this 
calculation. 

• Frictional components will be split into three zones, in order of depth within the 
anchor trench.  Figure 1 illustrates the separation of liner components and 
orientation of those components in the anchor trench.  Figure 2 is a free body 
diagram of the frictional forces due to weight of compacted backfill and tensile force 
acting on liner system.  The entire system is assumed to be in static equilibrium. 
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• The analysis is to demonstrate that the anchor trench is adequate to hold the liner 
material against pullout.  While literature commonly reports a preference for pullout 
before liner failure, these are for shallow angle slopes, where the liner edge could be 
recovered and reburied if necessary.  For the US Ecology site, a trench pullout could 
be challenging to recover because of the steepness of the slope.  The preferred 
option is for spot repair of liner failure, if necessary. 

• Wind loading is not considered in this analysis because of the complexity of the 
forces involved.  The construction specification will require adequate anchoring of 
the liner components to prevent uplift.   

Initial Assumptions for Geometry of Anchor Trench:  L1 = 10 ft; L2 = 5 ft; H1 = 2 ft; 
H2 = 1 ft; and H3 = 1 ft 

 

Various Forces Acting on the Liner System 
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Equations taken from Koerner – Designing with Geosynthetics – Included as 
Reference 6. 

�𝑭𝑭𝑿𝑿 = 𝟎𝟎 

𝐓𝐓𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 ∗ 𝐜𝐜𝐜𝐜𝐜𝐜 𝛃𝛃 = 𝐅𝐅𝐔𝐔𝐔𝐔 + 𝐅𝐅𝐋𝐋𝐋𝐋 + 𝐅𝐅𝐋𝐋𝐋𝐋 − 𝐏𝐏𝐚𝐚 + 𝐏𝐏𝐩𝐩 

Where: 
𝑻𝑻𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 = allowable tensile force on liner system  
𝜷𝜷 = tension force angle 
𝑭𝑭𝑼𝑼𝑼𝑼 = shear force above liner system due to compacted backfill 
𝑭𝑭𝑳𝑳𝑳𝑳 = shear force below liner system due to compacted backfill 
𝑭𝑭𝑳𝑳𝑳𝑳 = shear force below liner system due to vertical component of 𝑻𝑻𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 
𝑷𝑷𝒂𝒂 = active earth pressure against the side of the anchor trench 
𝑷𝑷𝒑𝒑 = passive earth pressure against the in-situ side of the anchor trench 
𝐋𝐋𝐫𝐫𝐫𝐫 = horizontal length of anchor trench 

The shear force below the liner system due to the vertical component of 𝐓𝐓𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 is 
defined as: 

𝑭𝑭𝑳𝑳𝑳𝑳 =  𝑻𝑻𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 𝐬𝐬𝐬𝐬𝐬𝐬 𝜷𝜷 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 

Zone 1 

Material Properties: 

Values for total tensile load were calculated in Table 3 of the Liner Stability on Trench 
13 Side Slopes (Calculation C.09) calculation.  
Yield Strength of Liner Members in Zone 1 

Material Yield Strength Strain (elongation) at Yield 
  (lb/in) % 
Sacrificial 40 Mil HDPE Liner 84 12 
10oz Non-woven Geotextile  150 50 
Geonet – LCRS Side Slope – 220 Mil 45 23 

Note:  Reference is Calculation C.09. 

The maximum yield strength for the combined liner members located in Zone 1 is the 
sum of the tensile strengths at the failure of the weakest member.  Stress-strain graphs 
were not available for each liner component, so the maximum tensile strength for the 
liner components was selected for the strongest component, or 150 lbs/in or 1800 lbs/ft 
for the geotextile.  This value is used to determine if the dimensions of the anchor 
trench meet the required capacity to prevent pull-out. 

Friction angles for the interface between liner materials and the soil backfill / other liner 
members were referenced from multiple technical journals located in the references of 
this calculation.  In the case of Zone 1, the upper shear force will have an interface 
between the compacted backfill and the sacrificial liner, the lower shear force will have 
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an interface between the geonet and compacted backfill, and the weakest interface 
angle between the liner materials in Zone 1 is between the sacrificial liner and the 
geonet.  

Material Friction Angle (𝛿𝛿) Reference 
  deg # 

Sacrificial Liner 40 Mil Smooth HDPE 
Liner and Sand 23.6 3 

Sacrificial Liner 40 Mil Smooth HDPE 
and 10oz Non-woven Geotextile   15.1 3 

10oz Non-woven Geotextile and 
Geonet – LCRS Side Slope – 200 Mil 24.5 2 

Geonet – LCRS Side Slope – 200 Mil 
and Sand 21 4 

Soil Properties: 

The entire anchor trench will be composed compacted backfill which will have the 
following properties: 

𝛄𝛄 = density = 120 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓3

 

𝛅𝛅 = internal angle of friction = 35° (Reference from Calculation C.09) 

𝛔𝛔𝐧𝐧 = normal force = 𝛾𝛾 ∗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ 𝑜𝑜𝑜𝑜 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 1 (𝐻𝐻1) = 120 ∗ 2 = 240 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓2

 

The backfill in the anchor trench (L1 on Figure 1) will be the only soil holding the liner in-
place and the only normal force considered in this calculation.  The liner at L2 and side 
slopes in Figure 1 will remain exposed until final cover placement.  Therefore, there is 
no additional normal loading included in the calculation. 

Force Analysis 

Upper shear force between the soil and sacrificial liner: 

FUσ =  σn ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝐿𝐿 

The weakest interface friction angle in Zone 1 will be controlling which occurs between 
the sacrificial liner and the geotextile, that angle is 15.1 degrees. 

FUσ =  240 lb
ft2
∗ 𝑡𝑡𝑡𝑡𝑡𝑡(15.1) ∗ 10𝑓𝑓𝑓𝑓 = 647.6 = 650 lb

ft
 

Lower shear force between the geonet and compacted backfill: 

FLσ =  σn ∗ tanδ ∗ L 
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However, the weakest interface friction angle in Zone 1 will be controlling, which occurs 
between the sacrificial liner and the geotextile, (15.1 degrees).  Therefore, the lower 
friction stress contribution FLσ is computed using that angle, rather than the friction 
angle between the lowest member (geonet) and the trench backfill material.  Therefore, 
FLσ = FUσ =650 lb/ft.   

Active earth pressure (see Figure 2 for illustration and Reference 6): 

The internal frictional angle of the compacted backfill is 35 degrees. 

Ka = [tan �45 −
φ
2
�]2 = (tan27.5)2 = 0.27 

Pa =  
1
2
∗ γ ∗ H1

2 ∗ Ka =
1
2
∗ 120

lb
ft3

∗ (2 ft)2 ∗ 0.27 = 64.8 = 65 
lb
ft

 

Passive earth pressure (see Figure 2 for illustration and Reference 6): 

The internal frictional angle of the compacted backfill is 35 degrees. 

Kp = [tan �45 +
φ
2
�]2 = (tan62.5)2 = 3.69 

Pp =  
1
2
∗ γ ∗ H1

2 ∗ Kp =
1
2
∗ 120

lb
ft3

∗ (2 ft)2 ∗ 3.69 = 885.6 = 890 
lb
ft

 

Allowable tensile force in Zone 1: 

Tallowable cos β = FUσ + FLσ + FLT − Pa + Pp 

FLT =  Tallowable sinβ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 

Rewrite the equation to have T allowable on the left hand side: 

Tallowable =
FUσ + FLσ − Pa + Pp
cos β − sinβ ∗ tanδ

 

The angle of resultant tension in the liner components for Zone 1 is beta, 63.4 degrees.  
The weakest interface angle in Zone 1 is delta, 15.1 degrees.  

Tallowable =
650 + 650 − 65 + 890

cos 63.4 − sin 63.4 ∗ tan15.1
 

Tallowable =
2125
. 21

= 10,119 = 10,000 
𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓

= 10.0
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑓𝑓𝑓𝑓

 

The maximum tensile load for all liner components in Zone 1 is 1800 lb/ft which is less 
than the allowable tension of 10,000 lb/ft, providing a factor of safety of 5.6. 
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Zone 2 

Material Properties: 

Yield Strength of Liner Members in Zone 2 

Material Yield Strength Strain (elongation) at Yield 
  (lb/in) % 

80 Mil HDPE Single Sided Texture 176 13 

LDS Side Slope Geocomposite 6 oz 
double-sided 200 mil 50 50 

Note:  Reference is Calculation C.09. 

The maximum yield strength for a liner members located in Zone 2 of the anchor trench 
is 176 lbs/in or 2,112 lbs/ft and this value is used to determine if the dimensions of the 
anchor trench meet the required capacity to prevent pull-out. 

Friction angles for the interface between liner materials and the soil backfill / other liner 
members are referenced from journals and technical reports and are attached as 
references to this calculation.  In the case of Zone 2, the upper shear force will have an 
interface between the compacted backfill and the 80 mil smooth HDPE Geomembrane, 
the lower shear force will have and interface between the LDS 200 mil Geocomposite 
and compacted backfill. 

Material Friction Angle (𝛿𝛿) Reference 
  deg # 

80 Mil HDPE Single Sided Smooth 
Upper Surface and Sand 23.3 3 

80 Mil HDPE Single Sided Texture 
Lower Surface and 
LDS Side Slope Geocomposite 6 oz 
double-sided 200 mil 

32.1 5 

LDS Side Slope Geocomposite 6 oz 
double-sided 200 mil and Sand 21 4 

Soil Properties: 

The entire anchor trench will be composed of re-compacted soil which will have the 
following properties: 

𝜸𝜸 = density = 120 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓3

 

𝜹𝜹 = internal angle of friction = 35° 

𝝈𝝈𝒏𝒏 = normal force = 𝛾𝛾 ∗ (𝐻𝐻1 + 𝐻𝐻2) = 120 ∗ (2 + 1) = 360 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓2
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Force Analysis 

Upper shear force between the soil and smooth HDPE: 

𝐹𝐹𝑈𝑈𝑈𝑈 =  σn ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝐿𝐿 

The weakest interface friction angle in Zone 2 will be controlling, which occurs between 
the geocomposite and compacted backfill, at 21 degrees. 

𝐹𝐹𝑈𝑈𝑈𝑈 =  360 lb
ft2
∗ 𝑡𝑡𝑡𝑡𝑡𝑡(21) ∗ 10𝑓𝑓𝑓𝑓 = 1381.9 = 1400 lb

ft
 

Lower shear force between the 200 mil LDS Geocomposite and soil: 

𝐹𝐹𝐿𝐿𝐿𝐿 =  σn ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝐿𝐿 

And is the same as FUσ or 1400 lb/ft.   

Active earth pressure: 

The internal frictional angle of the compacted backfill is 35 degrees. 

Ka = [tan �45 −
φ
2
�]2 = (tan27.5)2 = 0.27 

Pa = � 
1
2
∗ γ ∗ (𝐻𝐻2)2 ∗ Ka� + (γ ∗ (H1 + 𝐻𝐻2)2 ∗ Ka) = �

1
2
∗ 120

lb
ft3

∗ (1ft)2 ∗ 0.27� + �120
lb
ft3

∗ (3ft)2 ∗ 0.27�

= 307.8
lb
ft

= 310
lb
ft

 

Passive earth pressure: 

The internal frictional angle of the compacted backfill is 35 degrees. 

Kp = [tan �45 +
φ
2
�]2 = (tan62.5)2 = 3.69 

Pp = �1
2
∗ γ ∗ 𝐻𝐻22 ∗ Kp� + �γ ∗ (H1 + 𝐻𝐻2)2 ∗ Kp� = �1

2
∗ 120 lb

ft3
∗ (1 ft)2 ∗ 3.69� + �120 lb

ft3
∗ (3 ft)2 ∗ 3.69� =

4,206.6 lb
ft

  or 4200 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓

 

Allowable tensile force in Zone 2 (as previously defined): 

Tallowable =
𝐹𝐹𝑈𝑈𝑈𝑈 + 𝐹𝐹𝐿𝐿𝐿𝐿 − 𝑃𝑃𝑎𝑎 + 𝑃𝑃𝑝𝑝
cos𝛽𝛽 − sin𝛽𝛽 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

The angle of resultant tension in the liner components for Zone 2 is beta, 63.4 degrees 
(see Figure 3).  The weakest interface angle in Zone 2 is delta, 21 degrees.  

Tallowable =
1400 + 1400 − 310 + 4200
cos 63.4 − sin 63.4 ∗ tan21
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Tallowable =
6690
0.10

= 66,900
lb
ft

= 67 
kips

ft
  

The maximum tensile load for all liner components in Zone 2 is 2,112 lb/ft which is less 
than the allowable tension of 67, 000 lb/ft, providing a factor of safety of 32. 

Zone 3  

Material Properties: 

Yield Strength of Liner Members in Zone 3 

Material Yield Strength Strain (elongation) at Yield 
  (lb/in) % 

60 Mil HDPE Double Sided Texture 132 13 

Geosynthetic Clay Liner 50 15 
Note:  Reference is Calculation C.09. 

The maximum yield strength for liner members located in Zone 3 of the anchor trench is 
132 lbs/in or 1,584 lbs/ft and is used to determine if the dimensions of the anchor trench 
meet the required capacity to prevent pull-out. 

Friction angles for the interface between liner materials and the soil backfill / other liner 
members are attached as references to this calculation.  In the case of Zone 3, the 
upper shear force will have an interface between the backfill soil and the 60 mil textured 
HDPE Geomembrane, the lower shear force will have and interface between the 
Geosynthetic Clay Liner and backfill soil, and the weakest interface angle is between 
the two liner materials in Zone 3. 

Material Friction Angle (𝛿𝛿) Reference 
  deg° # 
60 Mil HDPE Double Sided Texture 
and Sand 36.6 3 

60 Mil HDPE Double Sided Texture 
and Geosynthetic Clay Liner 24 7 

Geosynthetic Clay Liner and Sand 35.6 1 

Soil Properties: 

The entire anchor trench will be composed of re-compacted soil which will have the 
following properties: 

𝛾𝛾 = density = 120 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓3

 

𝛿𝛿 = internal angle of friction = 35° 

𝝈𝝈𝒏𝒏 = normal force = 𝛾𝛾 ∗ (𝐻𝐻1 + 𝐻𝐻2 + 𝐻𝐻3) = 120 ∗ (2 + 1 + 1) = 480 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓2
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Force Analysis 

Upper shear force between the soil and 60 Mil textured HDPE: 

𝐹𝐹𝑈𝑈𝑈𝑈 =  𝜎𝜎𝑛𝑛 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝐿𝐿 

The weakest interface friction angle in Zone 3 will be controlling, which occurs between 
the textured HDPE and GCL, that angle is 23.4 degrees. 

𝐹𝐹𝑈𝑈𝑈𝑈 =  480 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓2

∗ 𝑡𝑡𝑡𝑡𝑡𝑡(24) ∗ 10𝑓𝑓𝑓𝑓 = 2137.1 = 2100 𝑙𝑙𝑙𝑙
𝑓𝑓𝑓𝑓

 

Lower shear force between the Geosynthetic Clay Liner and soil: 

𝐹𝐹𝐿𝐿𝐿𝐿 =  𝜎𝜎𝑛𝑛 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝐿𝐿 

The weakest interface friction angle in Zone 3 will be controlling, which occurs between 
the textured HDPE and GCL, that angle is 23.4 degrees.  Therefore FLσ = FUσ = 2100 
lb/ft. 

Active earth pressure: 

The internal frictional angle of the compacted backfill is 35 degrees. 

Ka = [tan �45 −
φ
2
�]2 = (tan27.5)2 = 0.27 

Pa = � 
1
2
∗ γ ∗ 𝐻𝐻32 ∗ Ka� + (γ ∗ (𝐻𝐻1 + 𝐻𝐻2 + 𝐻𝐻3)2 ∗ Ka) 

= �1
2
∗ 120 lb

ft3
∗ (1ft)2 ∗ 0.27� + �120 lb

ft3
∗ (4ft)2 ∗ 0.27� = 534.6 = 530 lb

ft
 

Passive earth pressure: 

The internal frictional angle of the compacted backfill is 35 degrees. 

Kp = [tan �45 +
φ
2
�]2 = (tan62.5)2 = 3.69 

Pp = � 
1
2
∗ γ ∗ 𝐻𝐻32 ∗ Kp� + �γ ∗ (𝐻𝐻1 + 𝐻𝐻2 + H3)2 ∗ Kp� 

= �
1
2
∗ 120

lb
ft3

∗ (1 ft)2 ∗ 3.69� + �120
lb
ft3

∗ (4 ft)2 ∗ 3.69� = 7306.2 = 7300 
lb
ft

 

Allowable tensile force in Zone 3 (as previously defined): 

Tallowable =
𝐹𝐹𝑈𝑈𝑈𝑈 + 𝐹𝐹𝐿𝐿𝐿𝐿 − 𝑃𝑃𝑎𝑎 + 𝑃𝑃𝑝𝑝
cos𝛽𝛽 − sin𝛽𝛽 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 

The angle of resultant tension in the liner components for Zone 3 is beta, 63.4 degrees.  
The weakest interface angle in Zone 2 is delta, 24 degrees.  
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Tallowable =
2100 + 2100 − 530 + 7300
cos 63.4 − sin 63.4 ∗ tan24

 

Tallowable =
10,970

. 05
= 219,400

lb
ft

= 220
kips

ft
  

The maximum tensile load for all liner components in Zone 3 is 1,584 lb/ft which is less 
than the allowable tension of 220,000 lb/ft, providing a factor of safety of 139. 

SUMMARY 

According to these analyses the anchor trench will provide sufficient resistance to the 
forces developed in the liner system.  The anchor trench is designed for the liner 
members to fail in extreme tension rather than pull out of the anchor trench.  The table 
below summarizes the results from the analysis above. 

Zone Liner Members 

Maximum 
Yield 

Strength 
Allowable 

Tensile Load 

Factor of 
Safety 

Against Pull-
out 

#   lb/ft lb/ft  

1 
Sacrificial Liner -30 Mil Smooth HDPE 
Non-Woven Geotextile – 10 oz 
LCRS Side-Slope Geonet 200 Mil 

1,800 10,000 5.6 

2 80 Mil HDPE Geomembrane (textured bottom side) 
LDS Side-Slope Geocomposite 200 Mil 2,112 67,000 32 

3 60 Mil HDPE Geomembrane (textured both sides) 
Geosynthetic Clay Liner 1,584 220,000 139 
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Abstract In this study, interface direct shear tests were undertaken to investigate improvement in the
mechanical behaviour of granular soils when reinforced with geotextile inclusions. Unlike past studies,
various different parameters were investigated in the same study to uncover more assuring results. As
expected, the interface friction angle of the reinforced sand was found to be lower than that of the
unreinforced sand. No remarkable differencewas seen in the shear strength of reinforced andunreinforced
sands, but in reinforced sand, there was no post-peak loss of strength, as seen in unreinforced sand.
Unexpectedly, geotextile inclusions did not restrict the soil from dilating. If the geotextile content was
increased in the test specimen, only then did the dilation of the sand decrease. At the end of the results,
it was concluded that the interface behaviour depends on the combined effects of the surface properties
and deformability of the geotextiles, and also on the index properties of the soil.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.

1. Introduction

Composite materials combine the strength of two or more
different materials in a supplementary way and are extensively
used in different fields of engineering. From the same
point of view, reinforcements in soil have been extensively
used from Bablyonian times. Reinforcements enhance the
tensile force capacity of the composite system, thus reducing
the probability of potential failure and increasing overall
capacity. Nowadays, geosynthetic reinforcements are used as
an alternative design material, especially considering their
environmental and economical superiority in nearly all civil
engineering fields.

The interaction between soils and geosynthetics plays an
important role in general stability concerns. Thus, interface
behavior is one of the important factors in the design
of structures in order to check the internal stability of
geosynthetic-reinforced soils. There are two most important
failure criteria to be analysed in geosynthetic-reinforced

∗ Corresponding author. Tel.: +90 232 3886026.
E-mail addresses: tunasahincaglar@hotmail.com (S.C. Tuna),

selim.altun@ege.edu.tr (S. Altun).

soils [1]: (1) Pull-out mode of failure; (2) sliding mode of
failure. In the direct shear mode of failure, there is a plane of
weakness around the geosynthetics inclusion because of the
shear strength loss of the soil in the interface region. These
two modes are interrelated; in the pull-out mode, there is a
direct application of tensile force to the specimen (the design
philosophy used in geosynthetic retaining walls and slopes),
and on the other hand in the direct shear mode, the weakness
of the interface region plays an important part. From the related
literature survey, one can state that the soil–geosynthetic
interaction parameters are influenced by:

(a) The interaction mechanism between geomaterials and
geosynthetics.

(b) Physical and mechanical properties of geomaterials (den-
sity, grain shape and size, grain size distribution, etc.).

(c) Mechanical properties (tensile peak strength), geometry
and surface properties of geosynthetics.

In the past, pull-out [2], triaxial compression [3], direct
shear [4,5], ring shear [6] and some other modified tests [7–9]
have been performed, to analyse the mechanical behaviour of
reinforced soils. Takasumi et al. [10] suggest that the direct
shear test is appropriate for evaluating the strength characteris-
tics of the soil–geosynthetic interface, if the extensibility of the
geosynthetic does not affect its field performance.

Soil–geosynthetics interface behaviour generally depends
on particle size and/or particle-surface mechanical interaction
behaviour. With this in mind, there are two types of interface
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behaviour stated [11] in the literature; one is a dilative system,
and the other is a non-dilative system. On the other hand, in
reality, systems are generally inbetween these two separate
types. Frost et al. [12] extensively researched the governing
mechanisms that effect interface shear behaviour and strength.
They demonstrated the coupled effect of surface hardness
and roughness, together with normal stress, by performing
laboratory tests of sand-continuum material interfaces (soil-
concrete, soil-geomembrane, soil-steel etc.) and through the
discrete element modelling of these interfaces.

Therefore, the purpose of this study should include the
following:

(a) Reinforced soil interface behaviour has been widely anal-
ysed in the past, and different results have shown the in-
terface behaviour of geosynthetics-reinforced soils. In all
studies, only the effect of one or two parameters are inves-
tigated, thus, behaviors are not precisely specified. In this
study, various parameters are investigated to have a clear
idea about the topic.

(b) To use different types of geomaterial and geosynthetics
to investigate the effects of important parameters on the
behaviour of the interface system [13].

2. Experimental program

An experimental program involving over 95 direct shear
tests was performed to characterize the friction properties
existing at the sand-geotextile interface.

The testing apparatus consisted of a 60 mm ∗ 60 mm and
a 100 mm ∗ 100 mm square shear box with a displacement-
controlled system operating at 100–250 mm/min. Because of
the wide range of normal stresses encountered in the field,
applied normal stresses were ranged between 25 and 1000 kPa.
An electronically instrumented load ring measured the shear
forces, and current transducers measured the corresponding
horizontal and vertical displacements. Three types of non-
woven geotextile (abreviated as NW), belonging to two
different groups, and 2 types of woven geotextile (abreviated
as W) that are readily avaible in markets, were used. In the
experiments, twodifferent gradations of sand from the Turgutlu
region near the city of Izmir were used. Each soil sample was
tested at two different relative densities.

2.1. Sand properties

Turgutlu sand was used in the study, and it was decided to
work with two different gradation levels. One type, named SW
in the article, is in between 0 and 5mmgradation limits, and the
other type is further sieved through No20–No60 sieves to get the
poorly graded branch of the same soil (hereafter, named SP).
The particle size distribution curves of the two sand samples
and some of the basic properties of the sands are given below
in Figure 1 and Table 1, respectively.

2.2. Geotextile properties

5 types of geotextile were used in the study (Figure 2). These
types can be seen in Table 2 below. The woven geotextiles
and NW1 type geotextiles are polypropylene based materials,
which show high durability and high rigidity (Figure 3). The
Youngs modulus is in the intermediate level. The NW2 group
geotextiles are polyester based materials, which are more
deformable and lithe. Also, theyhave the lowest tensile strength

Figure 1: Particle size distribution curves of sand samples.

Table 1: Properties of sand used in experiments.

Property Type/value
SW SP

Effective size, D10 (mm) 0.08 0.23
D50 (mm) 0.60 0.47
D85 (mm) 1.92 0.75
Coefficient of uniformity, Cu 10.00 2.61
Coefficient of curvature, Cc 2.18 1.34
Soil classification (unified) SW SP
Specific gravity, Gs 2.65 2.65
Maximum dry density, γmax (kN/m3) 17.90 15.80
Relative density (%) 66.70–25.00 63.00–25.00
emin 0.38 0.56
emax 0.72 0.86

Figure 2: Different types of geotextiles used in the experiments (top from left
to right: the non-woven geotextiles NW1, NW2-a, andNW2-b; bottom from left
to right: the woven geotextiles, W1 and W2).

of all, and are softer and more flexible than the NW1 type non-
wovens and W type woven geotextiles. NW1 have an average
mechanical behaviour compared to the other two types.Woven
geotextiles have the highest tensile strength, but the lowest
elongation at break values, which implies the stiffer nature of
the material compared to the other two groups.

From the literature survey, 5 of the possibly most important
factors to have important effects on the mechanical behaviour
of reinforced soils are selected and listed in Table 3.

As per ASTM D 5321 [14], both square and rectangular shear
boxes could be used for finding interface shear displacement
characteristics. These boxes should have aminimumdimension
of greater than 300mm, 15 times theD85 of the coarser soil used
in the test, or a minimum of 5 times the maximum opening
size (in plan) of the geosynthetic tested. Most recent testing
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Table 2: Types of geotextile used in the study (provided from the suppliers technical brochures).

Geotextile label Geotextile type Nominal mass per
unit area (g/m2)

Thickness
(mm)

Tensile strength
(N/m)

Elongation at
failure (%)

Openinge
size (mm)

NW1 Non-woven 150 0.46 10,300 52 0.10
NW2-a Non-woven 250 2.50 8,000 50
NW2-b Non-woven 100 1.00 2,500 80 0.17
W1 Woven – 80,000 8.50–13.50 0.12
W2 Woven – 25,000 13–15 0.23

Figure 3: Mechanical behaviour of polypropylene group geotextiles.

Table 3: Experimental program.

No Effect to be investigated Variables

1 Soil gradation effect Well-graded sand
Uniformly-graded sand

2 Equipment effect 60 mm ∗ 60 mm shear box
100 mm ∗ 100 mm shear box

3 Physical properties of
geomaterials

65% relative density
25% relative density

4 Confining pressure Low C . pressure
High C . pressure

5 Geosynthetic properties 5 different types

was performed in apparatus sizes greater than the conventional
direct shear apparatus, in the range of about 15–30 cm
square boxes. However, it was observed by various researchers
[5,10,13,15] that apparatus size does not significantly affect the
friction angles for cohesionless sands.

SW and SP sands have D50 values of 0.60 and 0.47 mm,
and D85 values of 1.92 mm and 0.75 mm, respectively. The
maximum geotextile opening size is 0.23 mm. Considering the
grain size of sands and geotextile opening sizes, the smaller
size shear box (60 mm ∗ 60 mm) also meets the minimum
equipment requirement for interface testing, after suitably
modifying the box for use with geotextile specimens.

After carefully preparing the soil samples according to their
desired densities and placing them in the lower box, the
geotextile is mounted at the interface with the appropriate
arrangements. There are some different methods for the
arrangement of geotextiles in direct shear tests. Takasumi
et al. [10] stated three different arrangements; the fixed shear
test, partially fixed shear test and a free shear test. In this study,
a freely laid geotextile sheet is further streched by fastening it
fromoutside the boxes. Therefore, a partially fixed arrangement
is most appropriate for this type. The most important issue is
for the geotextile-sand composites to interact with each other
without any restrictions. The geotextile specimen between the
soil layers should not stretch, and also there should be no
wrinkles in the specimen.

Figure 4: Stress–displacement relationships of SW sand at 65% relative density
reinforced with different types of geotextile.

3. Results and analysis

Interface behaviour cannot be expressed by the distinct
properties of each component of the system, but with an
integration of each component and environmental factors. The
particle size of the granular material, and the openings of
the geotextiles being tested, play an important role in the
final behaviour. Geotextile surface properties and mechanical
characteristics affect the range of the interface zone. The
dilative characteristics of granular materials under applied
normal stresses are decisive characteristics of reinforced soil
behaviour. An effort to explain some outcomes of the study are
described in the following paragraphs.

As a first outcome of the work, consider Figure 4 below,
which shows the reinforcement effects on the results. The
horizontal displacement is shown via the percentage of the
maximum horizontal displacement in the experiments (in the
range of 5–7 mm). There was a considerable loss of shear
strength seen after the peak stress, but this loss was reduced
in the reinforced soils, which is a direct result of the composite
enhancement effect of geotextile and sand [16]. Increasing
the geotextile layers enhances the confinement effect, thus,
reinforced sand becomes more ductile than unreinforced sand.
Shear band development in the failure state is restricted, with
geotextile inclusion in the interface area.

3.1. Effect of normal stress

Normal stress is a significative factor in the development
of friction force. From the results, the interface friction angle
initially decreases to a certain range of normal stress, and then
starts to increase to a certain amount (Figure 5). The critical
normal pressure range is typically between 600 and 650 kPa.
The trends of the results are similar to the findings of Tan
et al. [17]. The decrease in interface friction angles is attributed
to the incoherency between the increase in shear stress and
normal stress at the interface. The increase in normal pressure
does not directly cause an increase in shear stress, because, in
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Figure 5: Influence of normal pressure on interface friction angle.

Figure 6: Strength ratio ofwell-graded sand (SW) at 66.7% relative densitywith
5 different geotextiles.

Table 4: Results of direct shear tests on reinforced SW sand.

Interface
type

Normal stress/peak
shear stress (kPa)

Cohesion
(kPa)

Interface
friction angle (°)

27.20 54.50 109.00

SW–SW 39.00 71.10 128.60 36.00 36.50
SW-W1 45.60 75.00 104.70 39.00 32.00
SW-NW2-b 49.10 67.50 124.40 48.00 38.40
SW-NW2-a 44.60 77.00 115.10 55.00 35.60
SW-NW1 24.70 51.50 102.90 13.00 35.60
SW-W2 67.20 69.20 106.80 40.00 33.70

the contact area with an increase in normal stress more and
more particles become in contact with each other, resulting in
a decrease of normal pressure on each contact point. After a
critical pressure, this increase in particle contact comes to an
end, so it becomes harder to displace each contact area.

Strength ratio is defined as the ratio of the shear strength
of reinforced soil to the shear strength of unreinforced soil
(Figure 6). The friction angles begin to taper off at about
500–700 kPa, whereas reinforced sand shear strength begins to
increase at lower normal stresses; at nearly 100–200 kPa.

Table 4 showspeak shear stresses and corresponding normal
stresses from the failure envelope, and also the cohesion values
and interface friction angles determined with the best-fitted
regression linear lines.

3.2. Effect of sample size

It is interesting to note the high cohesion values from the test
results. This effect is attributed to the restraint impact of the
small sized sample. In the analysis, the cohesion value should
be taken as zero, and the failure line should be shifted until the
cohesion value is set to zero.

Figure 7: Stress–displacement results of the two different box sizes; P =

49 kPa for 10 cm ∗ 10 cm size and P = 54.5 kPa for 6 cm ∗ 6 cm size.

To control the results, a different set of experiments were
performed with a 100 mm ∗ 100 mm sized direct shear box.
The size effect on cohesion values can easily seen from Table 5.

Small sized samples show higher peak shear strength than
the big sized sample (Figure 7). This type of behaviour is
attributed to the confinement effect of the 60 mm ∗ 60 mm
sized shear box; implicitly, high cohesion values. Similar results
were found by Takasumi et al. [10] with medium dense-non-
woven geotextile interface direct shear tests of 30 and 6 cm
sized samples. Below 65 kPa normal pressure, the small sized
sample gave higher strength values.

3.3. Effect of geotextile arrangement

One of the disadvantages of direct shear tests compared to
other strength tests is the predetermined failure plane. Taking
this fact into account, we can have an understanding of the
indirect effect of geotextile inclusions by placing them above
and below the failure plane. Three different types of geotextile
were placed in two layers at the same distance from above
and below the failure plane to have an idea of the effect
of the interface zone on shearing behaviour. These different
arrangements are generally usedwith other equipment, like the
triaxial apparatus or some modified apparatus [18]. The results
are given in Table 6.

The peak state could not be reached, especially under higher
normal loads, in two-layered reinforced samples, whereas
it was reached at about 40%–50% of the final displacement
in unreinforced and one-layered reinforced samples. A two-
layered reinforced sample needs more horizontal displacement
at the interface to fully develop its strength, compared to one-
layered reinforced and unreinforced samples (Figure 8). Also,
as the confinement increases in two-layered reinforcement, the
cohesion value increases substantially compared to one-layer
reinforced and unreinforced samples (Figure 9).

3.4. Effect of relative density

The influence of soil density has been previously investi-
gated by several researchers [19]. 65% and 25% of the rela-
tive densities of the two types of sand were tested using the
direct shear apparatus. As expected, the denser the sand, the
higher the interface shear strength (Figure 10). In geotextile-
reinforced sand specimens, the volumetric expansion is more
pronounced (Figure 11). The reason is the replaced sand par-
ticles neighbouring the geotextile inclusions. In geotextile re-
inforced sands, the denser sand tends to dilate more than the
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Technical Paper by A. De and T.F. Zimmie

ESTIMATION OF DYNAMIC INTERFACIAL

PROPERTIES OF GEOSYNTHETICS

ABSTRACT: The dynamic frictional properties of different geosynthetic interfaces
play an important role in the stability analyses of various geotechnical structures that
incorporate geosynthetics. The paper presents and discusses laboratory test results on
eight different interfaces, formed through various combinations of three geosynthetics
(a geotextile, a smooth geomembrane, and a geonet). The dynamic frictional properties
were estimated using cyclic direct shear tests, shaking table tests conducted at a normal
g-level of 1g as well as at high g-levels, and on a 100 g-ton geotechnical centrifuge. The
centrifuge simulated high normal stress levels, commonly encountered by geosynthet-
ics comprising base liners of landfills or base isolators for large structures. The tests re-
vealed various important characteristics regarding the dynamic frictional properties of
the geosynthetic interfaces, including a dependence of some of the interfaces on the lev-
el of normal stress and the excitation frequency. It is felt that these differences should
be considered when selecting proper test methods in relation to the application for
which the geosynthetic is considered. It was concluded that proper simulation of field
conditions in laboratory experiments is important to obtain suitable friction angle val-
ues to be used in design.
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1 INTRODUCTION

The frictional properties of different geosynthetic interfaces play an important role
in the stability analyses of various geotechnical structures that incorporate geosynthet-
ics. Many of the geosynthetic surfaces in composite liner systems of modern landfills
are characterized by relatively low friction angles. This causes the interfaces between
such elements to be likely locations for slip movement. Recent requirements to include
considerations for seismic impact in modern landfill designs have led to the need for
understanding the dynamic frictional properties of these interfaces. The use of different
types of geosynthetic materials for the purpose of base isolation also requires estimation
of the dynamic frictional properties of the interfaces under suitable loading conditions
and frequencies of excitation.

2 BACKGROUND

The importance of interfacial frictional properties of geosynthetics in landfill design
was demonstrated by the Kettleman Hills, California landfill failure which occurred in
1988. Subsequent analyses led to extensive research into the static or monotonic fric-
tional properties of geosynthetic interfaces (Mitchell et al. 1990a; Mitchell et al.
1990b; Byrne et al. 1992; Stark and Poeppel 1994). The most common apparatuses/
methods used to estimate the static friction angles included direct shear devices (both
small- and large-size), pull-out boxes, and ring shear devices. Some of the results from
these studies demonstrated unique trends that were characteristic of the different test-
ing procedures.

As a result of this extensive range of testing programs, a broad understanding of the
characteristic features of different static (or monotonic) testing methods is available.
Gilbert et al. (1995) have compiled a summary of the advantages and disadvantages as-
sociated with different test devices that measure interface shear strength. The devices
included in the summary are the large-scale direct shear box, conventional direct shear
box, torsional shear device, tilt table, and Texas double shear device.

2.1 Dynamic Friction Tests

Experimental research to estimate the dynamic frictional properties of geosynthetic/
geosynthetic interfaces has been conducted relatively recently (Hushmand and Martin
1990; Kavazanjian et al. 1991; Yegian and Lahlaf 1992b; Pasqualini et al. 1995; Zim-
mie et al. 1994; Yegian and Harb 1995; De 1996). The following apparatuses were used
in these studies:

S a cyclic direct shear device (Pasqualini et al. 1995; De 1996);

S a shaking table device (Yegian and Lahlaf 1992b; Hushmand and Martin 1990; Zim-
mie et al. 1994; De 1996); and

S a shaking table device on a geotechnical centrifuge (Hushmand and Martin 1990;
Zimmie et al. 1994; De 1996).
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Table 1. Description of the geosynthetic interfaces.

Interface
number

Geosynthetic A Geosynthetic B

I Geotextile Smooth geomembrane

II Smooth geomembrane Geonet (transverse)

III Smooth geomembrane Geonet (longitudinal)

IV Smooth geomembrane Geonet (aligned)

V Geotextile Geonet (transverse)

VI Geotextile Geonet (longitudinal)

VII Geotextile Geonet (aligned)

VIII Smooth geomembrane Smooth geomembrane

3.2.1 Cyclic Direct Shear Device

The direct shear apparatus used in the current study was fabricated for testing geosyn-
thetic specimens 300 mm×300 mm in dimension. The shear force was applied through
a hydraulic actuator controlled by an MTSTM control unit. The normal force was ap-
plied by means of a pneumatic piston and compressed air. Fixed amplitudes of displace-
ment were produced on both sides of the mean specimen position. Measurements of
shear force and displacement were made continuously by means of load cells and a lin-
ear variable differential transformer (LVDT).

3.2.2 Shaking Table Apparatus

An electro-hydraulic shaking table that can accommodate specimens with dimen-
sions up to 560 mm × 380 mm was used for the shaking table tests. Sinusoidal base
motion was produced through the use of a dynamic signal analyzer. The acceleration
was measured during the experiments by means of accelerometers attached to the table
and to the block, and the relative displacement between the block and the table was
measured using two LVDTs. Data acquisition was performed using a personal computer
with commercially available software.

3.2.3 Geotechnical Centrifuge

A 100 g-ton geotechnical centrifuge was used in which high normal stresses were pro-
duced to model prototype stress conditions. The shaking table apparatus was mounted
on the centrifuge platform and experiments were performed at 10g, 20g, 30g, and 40g.
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4.3 Geotextile Over a Geonet (Interfaces V, VI, and VII)

4.3.1 Cyclic Direct Shear Tests

Figure 9 shows the plots of peak dynamic friction angle versus number of cycles for
the geotextile/geonet (transverse) interface (Interface V). The dynamic friction angle
of this interface appears to be strongly dependent on the normal stress. The greatest fric-
tion angle value (approximately 24_) was obtained from tests at the lowest normal
stress (20.7 kPa) and the lowest friction angle (approximately 17_) corresponded to the
highest normal stress (41.4 kPa). In addition, for each test, there was little variation in
the friction angle with the number of loading cycles.

A likely factor for the decrease in the friction angle with the increase of normal stress
may be the highly deformable nature of nonwoven geotextiles when subjected to high
normal stresses. The same interface showed a nonlinear shear versus normal stress be-
havior during monotonic testing (De 1996), and the same trend of higher normal
stresses corresponding to the lower friction angle values was observed.

Results of the cyclic tests performed on Interfaces VI and VII showed friction angles
to be relatively constant with the number of loading cycles, and the dynamic friction
angle did not show a strong dependence on the normal stress. In each case, the dynamic
friction angle values (15_ for the longitudinal orientation, and between 10 and 11_ for
the aligned orientation) were close to those obtained from monotonic experiments re-
ported elsewhere (De 1996).
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Figure 9. Variation of the peak friction angle with the number of cycles from cyclic
direct shear tests: a geotextile over a geonet (transverse) (Interface V).
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4.3.2 Shaking Table Tests

Shaking table tests on geotextile/geonet interfaces were performed using two orienta-
tions of the geonet: transverse and longitudinal. Figure 10 shows the test results for the
geotextile/geonet (transverse) interface. The break point (i.e. the point at which the ac-
celeration of the block fails to increase at the same rate as the acceleration of the table)
occurs at an acceleration of 0.44g, corresponding to a dynamic friction angle of 24°.
The geotextile/geonet (longitudinal) test results were similar and indicated an accelera-
tion of 0.34g at the break point, and a dynamic friction angle of 19°.

4.3.3 Shaking Table Tests Using a Geotechnical Centrifuge

The results from the experiments performed at different acceleration levels for Inter-
faces V and VI are shown in Tables 5 and 6, respectively. From Table 5 it can be seen
that the dynamic friction angles for Interface V at 1g, 30g, and 40g are 24_, 8_, and 7_,
respectively. This shows a significant dependence on the normal stress; similar to what
was observed for the cyclic direct shear test results on the same interface (Figure 9). In
the case of Interface VI, the friction angle varies from 19_ at 1g to approximately 10_
at 40g. Centrifuge shaking table experiments were not conducted on a geotextile/geonet
(aligned) interface (Interface IV).

Figure 10. Block versus table accelerations from shaking table tests: a geotextile over
a geonet (transverse) (Interface V).
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Table 5. Results from centrifuge shaking table experiments using a geotextile over a
geonet (transverse) (Interface V).

g-level (g)
Shaking table acceleration at the

inception of sliding (g)
Coefficient of dynamic friction

( = Column 2 ÷ Column 1)
Dynamic friction

angle

1 0.45 0.44 24_

30 4.00 0.13 8_

40 5.00 0.13 7_

Table 6. Results from centrifuge shaking table experiments using a geotextile over a
geonet (longitudinal) (Interface VI).

g-level (g)
Shaking table acceleration at the

inception of sliding (g)
Coefficient of dynamic friction

( = Column 2 ÷ Column 1)
Dynamic friction

angle

1 0.34 0.34 19_

20 4.00 0.20 11_

30 6.00 0.20 11_

40 7.00 0.18 10_

4.3.4 Results

From the results shown in Section 4.3, it can be concluded that the behavior of the
geotextile/geonet interfaces appears to show a dependence on the normal stress. This
dependence is strong in the case of a transversely-orientated geonet (Interface V) and
not as pronounced in the case of a longitudinally-orientated geonet (Interface VI).

4.4 Smooth Geomembrane Over a Smooth Geomembrane (Interface VIII)

4.4.1 Cyclic Direct Shear Tests

The results of cyclic direct shear tests on Interface VIII (geomembrane/geomem-
brane interface) are plotted in Figure 11. The peak dynamic friction angle shows a
strong tendency to increase with the number of cycles in the first 20 cycles. Following
that, the rate of increase reduces, even though the increase continues to the end of the
experiment which occurred after 50 cycles. There is no evidence of dependence on nor-
mal stress for these test results.

The cause for the increase in the dynamic friction angle with an increasing number
of cycles is not completely understood. However, at the end of the tests, visual inspec-
tion of the specimens clearly showed surface abrasion of the geomembrane along the
direction of shear displacement. It is not clear whether such abrasion was caused by the
rapid movement of one layer of HDPE against another, or by a foreign object, such as
dust particles present at the interface. Regardless of the cause, it is obvious that the abra-
sions resulted in an increase in the dynamic friction angle during cyclic loading.
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5 SUMMARY AND CONCLUSIONS

5.1 Summary of Results

The dynamic frictional behavior of eight geosynthetic interfaces have been presented
in the current paper. The dynamic friction angles of the interfaces have been estimated
on the basis of cyclic direct shear experiments and shaking table tests, both at 1g and
high g-levels. The values of the friction angle obtained from the different experiments
are listed in Table 8. For comparison, the static friction angles from tilt table and direct
shear tests presented by De (1996) are also shown in Table 8.

In general, the results shown in Table 8 indicate that the initial values of static and
dynamic friction angles for the geosynthetic interfaces tested are similar. However, the
dynamic behavior of most interfaces is complicated by a dependence on the frequency
of excitation and the number of loading cycles.

It was observed that the dynamic shear strength of geotextile/smooth geomembrane
interfaces decreases slightly when subjected to repeated cycles of shear loading. This
is due to the polishing effect of the geotextile on the geomembrane.

Table 8. Average values of the peak friction angle for different geosynthetic interfaces.

Static friction angle Dynamic friction angle

Interface
description

Tilt
table

Direct
Direct shear tests

Shaking table
tests

description table
tests

Direct
shear tests

Direct shear tests

1g
10g

to 40g

Nonwoven geotextile
over smooth

geomembrane
11.8_ 12_ Decreases from 12.5 to 10.5_ 12_ 11_

Smooth geomembrane
over geonet
(transverse)

10.1_ 11.3_
Increases from 11 to 18_

(for low σ) or 14_ (for high σ)
12_ 7_

Smooth geomembrane
over geonet

(longitudinal)
9.8_ 11.3_

Increases from 10 to 18_
(for low σ) or 16.5_ (for high σ)

12_ 11_

Smooth geomembrane
over geonet

(aligned)
8.1_ 8.1_

Increases from 9 to 18_
(for both low and high σ)

------ ------

Nonwoven geotextile
over geonet
(transverse)

24.5_
Ranges from 22_

(at low σ) to
14.5_ (at high σ)

Ranges from 24_ (at low σ)
to 17_ (at high σ)

24_ 8_

Nonwoven geotextile
over geonet

(longitudinal)
13.9_

Ranges from 17_
(at low σ) to 14_

(at high σ)
15_ 19_ 11_

Nonwoven geotextile
over geonet (aligned)

11.2_ 10.5 11 to 10_ ------ ------

Smooth geomembrane
over smooth

geomembrane
13.1_ 8.8_ Increases from 10.3 to 19.5_ 19_ 13_
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cerning test methods, depending on the intended functions of the interface being de-
signed. The results of centrifuge shaking table tests on some of the interfaces indicate
a dependence on normal stress and frequency. Therefore, the use of this approach
should be supplemented by cyclic direct shear tests and 1g shaking table tests. Table
9 has been prepared to provide guidance to the design engineer in selecting the proper
testing procedures and values for the estimation of dynamic friction angles.
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1.0 INTRODUCTION 

Modem solid-waste landfills and hazardous landfills in the USA are required to have a low 
hydraulic conductivity liner and drainage system, consisting of geosynthetic materials 
(geomembranes, geotextiles, geonets and geocomposites) and compacted clay. A cross- 
section of a typical modem landfill, as shown in Figure 1.1, consists of several layers of 
soils and geosynthetic products. The stability of these 'slopes' is controlled by the shear 
strength of the various interfaces in such a composite liner. Critical interfaces include soil 
vs. geomembrane, soil vs. geotextile, geomembrane vs. geotextile and geomembrane vs. 
geonet. The strength of each of these interfaces has to be determined after careful, site- 
specific material testing (Koerner, 1994). The experience and confidence gained from 
these tests on different materials and soils is valuable to designers. Such data give the basis 
for better judgment in design. The importance of the evaluation of interface strength has 
been illustrated by the slope stability failure in Phase 1A of the construction of the 
Kettleman Landfill in California (Mitchell et al., 1990). 

Geomembranes are critical components of modem landfill design, performing important 
functions moisture barriers in the containment system. Today, a variety of geomembranes 
are in use in current practice. The basic difference between them is the material and/or 
method of manufacture. The most commonly-used material types are (PVC) Poly Vinyl 
Chloride and (HDPE) High Density Poly-Ethylene. Based on a 1992 estimated total of 
648 million sq. feet of geomembrane sales, HDPE accounts for 259 million sq. feet or 40 
% of sales , while PVC accounts for 162 million sq. feet or 25 % of sales(Koerner, 1994). 
Very Low Density Poly-Ethylene (VLDPE), a Polyethylene product, which is more 
flexible than HDPE, accounts for 65 million sq. ft or 10 9% of sales . 

Geomembrane interface frictional failure has been identified as the cause of numerous 
geosynthetic-lined slope failures. As a result, the interface frictional strength of any 
geomembrane interface has to be determined with utmost care. It is recommended that 
wherever possible, the interface frictional strength for a geomembrane-soil combination be 
determined experimentally, without resorting to use of generalized values for similar soils 
from published data (Koerner, 1994). Direct shear, pullout and ring shear tests have been 
performed extensively, mainly on soil-geomembrane interfaces, to characterize their 
strengths (Koerner et al., 1986; Seed et al., 1988; O'Rourke et al., 1990; Takasumi et al, 
199 1 ; Stark and Poeppel, 1994) 

There have been a limited number of testing programs that have attempted to draw a 
general comparison between HDPE and PVC geomembranes. O'Rourke (1990) reported 
that the higher the stiffness or hardness of the geomembrane, like HDPE, the lower the 
friction angle, as compared to a flexible membrane, like PVC. Martin et al. (1984) tested 
geotextile vs. geomembrane interface friction using a very soft, flexible geomembrane like 
Ethylene Propylene Diene Monomer (EPDM), a medium stiffness PVC geomembrane and 
a tough geomembrane like HDPE. They also concluded that the softer geomembranes, 
have greater friction angles than the tougher geomembranes. 
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Table 2.1 Properties of Geomembranes used in the Testing Program 

I GAUGE ( mils ) 1 30 1 30 1 3o 1 6o 1 6o I 
TRADE NAME 

* Canadian General Towers 
** Gundle / SLT Environmental ( Inc. ) Company 
1. Smooth PVC : Smooth, flexible PVC geomembrane 
2. Textured PVC : PVC geomembrane, with extrusions of 4 - 6 mils on the surface, giving the 
rough texture. The textured surface was used as the interface 
3. File-Finish PVC : Square grid etched onto one surface, with smooth PVC on the other surface. 
The surface with the file-finish was used as the interface. 
4. Smooth HDPE : Smooth, tough, inflexible HDPE geomembrane 
5. Textured HDPE : Co-extruded textured surface on one side and smooth HDPE on the other 
surface. The textured surface was used in the surface. 

SMOOTH 
HDPE' 

GSE** 

FILE- 
FINISH 
PVCJ 
C.G.T. * 

2.1.2 Soil 

TEXTURED 
HDPE' 

- 

GSE 

TEXTURED 
P V C ~  

OxyChem 

GEOMEMBRANE 
TYPE 

MANUFACTURER 

Oxyflex 

A typical landfill consists of soil-geomembrane interfaces involving a variety of soils. Most 
commonly, sand as a drainage layer and clay as a moisture barrier are used. However, 
when locally available soils are the only option, sandy loam and silty clay are used as 
substitutes. Hence, these soils were also included in this study. Figure 2.1 gives the grain 
size distribution of the soils. 

SMOOTH 
PVC' 

Oxychem 

2.1.2.1 Sand 

OxyGrip 

Sand-Geomembrane interfaces are common at the boundary of a drainage layer and the 
next layer of moisture barrier. Testing for this interface was performed using sand with the 
following properties : 

Grain size distribution : 

Ltd. 
Taffeta 

Dlo - 0.15 IWII Dso - 0.29 mm DgO - 0.51 IWII 
C, - 2.13 C, - 0.919 
Internal Friction : Angle of Internal Friction, from a Direct Shear Test = 32.3" 

This sand can be described as uniform, fine sand. It was mixed with just enough water to 
simulate the average field wetness conditions (approximately 10%). 

GSEHD GSEHDT 
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2 .I .2.2 Sandy Loam 

In many situations, the soils most suitable for a landfill may not be available on location. In 
such cases, liners are constructed with the available soil. One of the common soils found at 
sites is sandy loam. In such situations, sandy loam is used as an alternative to sands in the 
landfill. The soil used for testing in this program can be described as well graded sandy 
loam. In this soil, there was a sigdcant amount of organic matter, including plant root 
fibers and remains of insects. The natural water content of the soil was 41;8 % . Testing 
was done at the same water content. 

The requirements of a material to be used as drainage material in a waste containment 
system are as follows ( USEPA, 1989 ) : 

Hydraulic conductivity must be greater than 10" cm 1 s ; 
Rounded to sub-rounded material, to avoid damage to the adjacent geosynthetics ; 
Well graded material ; and 
Maximum particle size of 3 1 8 inch ( 9.5 rnrn ) . 

The properties of the sandy loam used in this study were : 

Grain size distribution characteristics : 

Dl0 - 0.10 mm Dso - 0.53 nun D90 - 4.2 nun 
C, - 9.0 C, - 0.69 

Based on the USEPA requirements above for a drainage material, the sandy loam tested 
satisfies the requirements for use as a drainage material. The hydraulic conductivity 
requirement needs to be verified, but it is strongly believed that it will be complied, based 
on its grain size distribution. 

2 .I .2.3 Silty Clay 

Locally available soil is generally preferred for the compacted clay layer in a landfill liner. 
In such cases, the criteria for selecting the soil are(Danie1, 1993) : 

% dry weight passing the #200 sieve > = 39 % - 50 % 
% dry weight retained on the # 4 sieve <= 20 % - 50 % 
PI(ASTMD4318)>=7 % -  10% 
Maximum grain size : 25 mm - 50 mm 

Grain size distribution characteristics : 
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Similarly, the stress measured was that between the geomembrane and the soil as well, 
because those were the only two materials in contact as the top box moved relative to the 
bottom box. 

The high value of R~ for the graph of the failure envelope ( Figure 3.2(b) ) indicates that 
the @ value for this interface was not affected by the confining stress level, although it may 
be different for much lower confining stresses ( less than 10 kPa ). 

3.2 Sand vs. the Other Geomembranes 

The relationships for fine sand vs. smooth HDPE interface are shown in Figures 3.3 (a) 
and (b). The same relationships, stress vs. displacement and interface friction angle, for 
sand vs. the rest of the geomembranes in the testing program, are given in Appendix A. 
Stretching was observed in the File-finish PVC interface at higher normal stresses (greater 
than 100 kPa). Strain softening behaviour was noticed with HDPE. Textured HDPE 
exhibited peak values at higher displacements (about 35 rnrn). However, textured PVC did 
not reveal a clear trend in its stretching. 

3.3 Influence of Soil Type 

The study of the variation of interface friction values of the same geomembranes with soil 
type shows considerable difference in the stress-strain behaviour as well as friction angle 
values. Figures 3.4 and 3.5 give relationships of smooth PVC interfaces against sandy 
loam and silty clay respectively. Figures showing these relationships for interfaces with 
other geomembranes are given in Appendix B (Sandy Loam) and Appendix D (Silty Clay). 

3.4 Geomembrane vs. Geotextile 

The relationships for the smooth PVC vs. geotextile interface are shown in Figure 3.6. 
Interface friction values of the other geotextile-geomembrane interfaces are given in 
Appendix D. 

4.0 SUMMARY OF RESULTS 

The results of the testing program are summarized in Tables 4.1 and 4.2. The interface 
friction angles based on stress obtained at about 10 % strain (25.4 rnm) from the stress 
displacement curves are given in Table 4.1. Table 4.2 gives the interface friction angles 
based on the peak stress obtained from the stress-displacement graphs. In the case of 
HDPE and textured-HDPE membranes, the stress-displacement response of the interface 
is such that after reaching peak stress, further shearing to a larger strain causes 
stabilization of the stress (remains constant ; see Figure 3.3). Hence, the shear stress at 
10% strain for the rigid membranes (HDPE and HDT) is less than at the peak. However, 
for the flexible membranes (PVCs), due to their stretching during the tests, the strength at 
higher strain is greater than at lower strain (see Figure 3.4). This was observed with all 
PVC interfaces with all the other interface materials except with fine sand. 
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Shear stress vs Displacement 

Dispiacsmmt (mm) 

Failure Envelope 

0 20 40 60 80 100 120 140 160 180 

Normal Stress (kPa) 

Figure 3.3 Fine Sand vs Smooth HDPE a) Shear vs Displacement b) Friction Angle 
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Shear Stress vs Displacement 
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Figure 3.6 Non-Wovemn Geotextile vs. Smooth PVC a)Stress vs. Displacement b) Friction 
Angle 
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For this reason, the friction angle for the interfaces were calculated at both the peak stress 
and the stress at 10 % strain. It can be readily seen, comparing Tables 4.1 and 4.2, that the 
interface angle for PVC membranes at initial peak (yield stress for the interface) is much 
lower than at higher strain. However, the yield point of the interface does not represent a 
failure condition. This is because further shearing causes an increase in strength and not a 
decrease, whereas further shearing in HDPE causes reduced strength.Therefore, under 
field conditions, if the PVC membranes are stressed beyond the yield stress for the 
interface, the material stretches under the load without any loss of strength or material 
damage. 

Table 4.1 lnterface Friction Angle values ( degree )obtained for various interfaces 
tested ( at 10 % strain ) 

30 mil Smooth PVC 
( at 10 % strain ) 
30 mil textured PVC 
( at 10 % strain ) 
30 mil File-finish PVC 

Fine Sand 

34.7 

35.3 

( at 10 % strain ) 
60 mil Smooth HDPE 

[ ( at 10 % strain ) 

30.9 

( at 10 % strain ) 
60 mil Textured HDPE 

Table 4.2 lnterface Friction Angle values ( degree )obtained for various interfaces 
tested ( at Peak Stress ) 

Sandy Loam 

26.4 

21.1 

21.1 

30 mil Smooth PVC 

28.1 

36.6 

( Peak stress ) 
30 mil textured PVC 
( Peak stress ) 
30 mil File-finish PVC 
( Peak stress ) 

Silty Clay 

20.8 

26.4 

18.2 

60 mil Smooth HDPE 
(Peak stress ) 
60 mil Textured HDPE 
( Peak stress ) 

Non-woven 
Geotextile 

21.9 

19.6 

26.0 

33.8 

17.3 

17.0 

Non-woven 
Geotextile 

14.2 

41.8 17.4 

Silty Clay Fine Sand Sandy Loam 
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1 

ABSTRACT: This chapter provides the basic concepts behind geosynthetic clay 
liner (GCL) internal and interface shear strength values obtained from laboratory 
testing.  Different aspects of the standard testing equipment and methods are dis-
cussed, focusing on the large-scale direct shear device.  The effects of different 
variables on the GCL and GCL-geomembrane interface shear strength are dis-
cussed, as well as the variability in the laboratory-obtained shear strength values 
and their relation to back-calculated shear strength values from failures.  Specifi-
cally, the effects of normal stress, GCL reinforcement, geomembrane texturing 
and polymer type, moisture conditioning, and shear displacement rate are assessed 
through evaluation of data from the literature and from a database of commercial 
test results.  

1 INTRODUCTION 
Geosynthetic clay liners (GCLs) with geomembranes (GMs) placed on slopes as 
part of composite liner systems may be subject to a complex, time-dependent state 
of stresses.  Stability is a major concern for side slopes in bottom liner or cover 
systems that include GCLs and GMs because of the wide range of commercially 
available GCL products, the change in behavior with exposure to water, variabili-
ty in the quality of internal GCL reinforcement and GM texturing, and the low 
shear strength of hydrated sodium bentonite. Accordingly, proper project- and 
product-specific shear strength characterization is needed for the different mate-
rials and interfaces in composite liner systems.  

A major concern when GCLs are placed in contact with GMs on steep slopes is 
the interface friction, which must be sufficiently high to transmit shear stresses 
generated during the lifetime of the facility.  Shear stresses are typically generated 
in the field from static or seismic loads and waste decomposition.  The need for a 
careful design of GCL-GM interfaces has been stressed by the failures generated 
by slip surfaces along liner interfaces, such as at the Kettleman Hills landfill 

Internal and Interface Shear Strength of Geosynthetic Clay 
Liners 
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(a) 
 

(b) 
Figure 10: (a) Shear stress – shear displacement curves for needle-punched GCL sheared internally 
under different normal stresses; (b) Vertical displacement – Shear displacement curves 

5.2 Preliminary Shear Strength Overview 

Figure 11 shows GCL internal peak shear strength values p reported in the litera-
ture.  The wide range in shear strength reported by the different studies can be ex-
plained by differences in GCL reinforcement types, moisture conditioning proce-
dures, shear displacement rates, as well as testing procedures and equipment used 
in the various studies, although significant variability is still apparent.  Generally, 
reinforced GCLs show higher shear strength and greater variability than unrein-
forced GCLs.  
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Figure 11: Overview of GCL internal peak shear strength values 

5.3 Variables Affecting GCL Internal Shear Strength 

5.3.1 Effect of Normal Stress 
GCLs are frictional materials, so their shear strength increases with normal 

stress.  Also, the internal reinforcements give the GCL strength at low normal 
stress.  Accordingly, the GCL internal peak shear strength for a set of tests with 
the same conditioning procedures and shear displacement rate is typically re-
ported using the Mohr-Coulomb failure envelope, given by: 

tanp p p nc     (2) 
where p is the peak shear strength, cp is the cohesion intercept, n is the normal 
stress and p is the interface friction angle.  ASTM D6243 requires a minimum of 
three points [(p1, n1), (p2,  n2), (p3,  n3)] to define the peak or residual failure 
envelope for the given interface. Chiu and Fox (2004) and Zornberg et al. (2005) 
provide a range of internal peak shear strength parameters for different GCLs, hy-
dration procedures, ranges of normal stresses, and shear displacement rates.  
Zornberg et al. (2005) also found that large-displacement shear strength was 
represented well by a linear failure envelope, although the cohesion intercept was 
typically negligible.   
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Most previous studies on GCL shear strength (Gilbert et al. 1996; Daniel and 
Shan 1993; Stark and Eid 1996; and Eid and Stark 1997, 1999) were for tests un-
der low levels of normal stresses (typically below 200 kPa).  Fox et al. (1998), 
Chiu and Fox (2004), and Zornberg et al. (2005) report shear strength values for a 
wider range in normal stresses, and indicate that linear failure envelopes do not 
represent the change in shear strength with normal stress.  Accordingly, multi-
linear or nonlinear failure envelopes are recommended.  Gilbert et al. (1996) and 
Fox et al. (1998) used the model presented by Duncan and Chang (1970) to 
represent nonlinear trends in shear strength with normal stress, as follows: 

0 log n
p n

aP
   

  
    

  
 (3) 

where Pa is the atmospheric pressure, 0 is the secant friction angle at atmospheric 
pressure, and  is the change in secant friction angle with the log of the normal 
stress normalized by Pa.  

Figure 12 shows the trend in GCL internal peak shear strength with normal 
stress for different needle-punched GCLs.  The results within each data set were 
obtained from direct shear tests with the same conditioning procedures and shear 
displacement rate.  For tests under low normal stress (n < 100 kPa), a significant 
increase in peak shear strength is observed with normal stress, while for tests un-
der high normal stress (n > 100 kPa), a less prominent increase in peak shear 
strength is observed.   

 

 
Figure 12: Normal stress effects on needle-punched GCL internal shear strength 

 
The data in Figure 12 suggests that bilinear failure envelopes represent the data 

well for normal stresses under low normal stresses (< 100 kPa) and high normal 
stresses (>100 kPa).  Zornberg et al. (2005) reported shear strength parameters for 
several bilinear failure envelopes.  In addition, Chiu and Fox (2004) reported 
shear strength parameters for nonlinear failure envelopes.  Both approaches tend 
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to represent the shear strength of GCLs over a wide range in normal stress.  The 
change in GCL shear strength behavior with normal stress is important to consider 
when specifying normal stresses to define a failure envelope, which should al-
ways be within the range expected in the application.   

The normal stress applied to a GCL may affect the lateral transmissivity of the 
carrier geotextiles.  Depending on if the carrier geotextile is woven or nonwoven 
and the carrier geotextile compressibility, high normal stresses may lead to de-
creased lateral transmissivity of the carrier geotextiles.  Combined with bentonite 
extrusion, the carrier geotextiles may not aid the dissipation of shear-induced pore 
water pressures under high normal stresses. The normal stress may also affect the 
strength of GCL reinforcements.  Gilbert et al. (1996) reported that the resistance 
of fiber reinforcements to pullout from the carrier geotextiles increased with nor-
mal stress because of the frictional nature of the connections.   

5.3.2 GCL Reinforcement 
Table 1 shows typical shear strength parameters for different sets of GCLs re-

ported by Zornberg et al. (2005). The peak shear strength calculated at a normal 
stress of 50 kPa, 50, is also shown in Table 1 for comparison purposes.  The peak 
internal shear strength of reinforced GCLs is significantly higher than that of un-
reinforced GCLs.  The reinforced GCLs have a substantial intercept, while the un-
reinforced GCLs have a relatively low cohesion intercept and friction angle.  The 
data in Table 1 indicates that needle-punched GCLs and thermally-locked GCLs 
have similar shear strength, while stitch-bonded GCLs have lower shear strength.  

The difference between the needle-punched and thermal-locked GCLs may be 
explained by the pullout of reinforcements from the woven geotextile of the ther-
mal-locked GCL during hydration and shearing (Lake and Rowe 2000).  The fiber 
reinforcements in needle-punched GCLs are typically left entangled on the sur-
face of the woven carrier geotextile, so significant swelling or shear displacement 
is required for pullout of the fibers from the carrier geotextile.  On the other hand, 
the fibers in thermal-locked GCLs are melted together at the surfaces of the wo-
ven carrier geotextile.  Stitch-bonded GCLs have less fiber reinforcement per unit 
area (stitches are typically at a 3-inch spacing), but the fiber reinforcements are 
continuous throughout the length of the GCL.  Fox et al. (1998) and Zornberg et 
al. (2005) observed that the continuous fiber reinforcements in GCL B did not 
break during shearing, but instead the woven carrier geotextile ruptured at large 
shear displacements. The lower reinforcement density and mechanism of failure 
influences in the direct shear device leads to the low shear strength of these 
GCLs.  Stitch-bonded GCLs are typically not used in practice.  Table 1 also indi-
cates that GCLs with nonwoven carrier geotextiles have similar shear strength at a 
normal stress of 50 kPa to woven carrier geotextiles.  However, the greater fric-
tion angle of GCLs with woven carrier geotextiles leads to higher shear strength 
at high normal stresses for these GCLs.    
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22   Zornberg and McCartney 

cp            

(kPa)
p 

(Degrees)
Reinforced GCLs 40.9 18.0 57

Unreinforced GCLs 5.0 5.7 10
Needle-punched GCLs 40.5 19.5 61
Stitch-bonded GCLs 28.5 5.6 33

Thermal-locked GCLs 33.2 22.7 54
W-NW needle-punched GCLs 19.1 40.9 58

NW-NW needle-punched GCLs  35.0 24.5 58

GCLdescription
Peak envelope

50         

(kPa)

 
Table 1: Shear strength parameters for GCL internal peak shear strength  

 

Fox et al. (1998) found that the type of fiber reinforcement used in GCLs 
(needle-punched or stitch-bonded) has minor effect on the residual shear strength 
of GCL, although Zornberg et al. (2005) found that the type of fiber reinforce-
ment still has an effect on the shear strength at a displacement of 75 mm.   

Many studies have been conducted to investigate whether the internal shear 
strength of a needle-punched GCLs vary with the amount of needle punching per 
unit area of the GCL.  Needle-punched GCLs are manufactured using a produc-
tion line assembly which employs several threaded needles connected to a board 
(von Maubeuge and Ehrenberg 2000).  As the lifetime of the needle-punching 
boards increases, more needles break and a lower density of fiber reinforcements 
may be apparent in the GCL with wear of the needle-punching board.  The peel 
strength test (ASTM D6496) has been used as a manufacturing quality control 
test, as well as an index of the density (and possibly the contribution) of fiber 
reinforcements in needle-punched GCLs (Heerten et al. 1995, Eid and Stark 
1999).  Several studies have correlated the peak internal shear strength of needle-
punched GCLs with peel strength (Berard 1997; Richardson 1997; Fox et al. 
1998; Eid et al. 1999; Olsta and Crosson 1999; von Maubeuge and Lucas 2002; 
Zornberg et al. 2005).  Figure 13 shows a comparison of the trends in peak shear 
strength of needle-punched GCLs with peel strength from several of these studies.  
An increase in peak shear strength is apparent in some of these data sets, although 
only Zornberg et al. (2005) used the same GCL, same conditioning procedures, 
and shear displacement rate.  Overall, no trend is observed in this data. 

Stark and Eid (1996) performed shear strength tests on reinforced GCLs with 
and without a sodium bentonite component (filled and unfilled, respectively) to 
find the effect of the reinforcement of the shear strength of reinforced GCLs.  
They found that the peak shear strength of unfilled GCLs was higher than that of 
filled GCLs, which indicates that the shear resistances of the sodium bentonite 
and the reinforcements are not additive.  This trend may be due to pullout of the 
fiber reinforcements due to swelling of the bentonite during hydration.  The pres-
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A TECHNICAL NOTE REGARDING INTERPRETATION OF 
COHESION AND FRICTION ANGLE IN DIRECT SHEAR TESTS 

There is often confusion expressed in the geosynthetics industry over how laboratory direct shear results should be 
interpreted, specifically whether one should use both the friction angle and cohesion (or adhesion) parameters. The 
attached technical note from the April/May 2009 issue of Geosynthetics provides some guidance regarding this 
question, as well as several other issues related to direct shear results. 

Please note that this article is not intended to replace education or experience and should only be used in 
conjunction with professional judgment. In the end, all data should be evaluated by an experienced practitioner 
qualified to use the test results properly. 
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I Designer's Forum I

A technical note regarding interpretation of cohesion

(or adhesion) and friction angle in direct shear tests

Interpreting lab results
There is often confusion expressed in the
industry regarding how laboratory re-
sults should be interpreted, specifically:
whether one should use both the fric-
tion angle and cohesion (or adhesion)
parameters; whether cohesion should be
ignored; whether secant friction angles
are more appropriate; what to do if the
data are nonlinear; and how the data
should be interpolated or extrapolated.

The goal of this technical note is to
provide some guidance to take the mys-
tery out of these questions. In the end,
all data should be evaluated by an expe-
rienced practitioner qualified to use the
test results properly.

What this note wil not do is go into
the subtleties of requesting, setting up,
calibrating, and performing a direct
shear test. That would be the subject of
additional articles.

This article wil also not definitively describe how direct
shear test data should be interpreted. That is the responsibil-
ity of a professional with specific expertise, and one article
could never presume to cover all of the considerations that
might apply to any unique design problem that might arise.
That is why professionals are trained and mentored in basic
geotechnical principles: so they can appropriately account for

By Richard Thiel

Introduction

Direct shear testing 

with geosynthet-

ics is generally performed in accor-
dance with ASTM D5321, Standard Test
Method for Determining the Coefficient
of Soil to Geosynthetic or Geosynthetic to
Geosynthetic Friction by the Direct Shear
Method. There is also a related standard,
D6243, Standard Test Method for Deter-
mining the Internal and Interface Shear
Resistance of Geosynthetic Clay Liner by
the Direct Shear Method. This technical
note applies to both equally.
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The "gap" between shear boxes was set at 80 rrl (2.0 rr)
The test specirns were flooded during testing.

Hgh Norrrl Stresses. "Spsi (35 kP) was applied using air pressure.
low Norml Strses, -:psi (35 kP) was applied using dead weights.

The tests were terrrnated after 3.0"(75 om) of displaceirnt unless otherwise noted.
Tests were performe in general accordance w ith AS1M procedure D-5321 using a 8rainard-Kinrrn lG-112 direct shear rrchii
with an effectie area of 12" x 12" (300 x300 rr).

Each specirrn of 60 rrl georrrrrane w as cut to 14" x 20" and clari to th lower shear box. Avg, Asperit =0.025"
Each specirn of 40 rrl geoirrrrane was cullo 14" x 16" and clari to th upper shear box. Avg. Asperit =0.016"

Each GC specirn was Hydrated for 48 hrs at the 250 psf. then placed, unclarred betw een upper & lower Has

The grouped speciirns were consolidated 16 hrs, under the specified norrrl stress, then sheared
Shearing occurred at the interface of the GC's and 40 rrl georrrrrane specirns.
Extrusion of bentontte was noted on the surface of the 40 rrl 8. w Me side of the Go. contact area for points 2,3 & 4

The Fritin Angle and Adhesion (or Cohesion) resutts given here are based on a rrtherrtically deterrred bestftt line.
Furter interpretation should be conducted by a qualified professional experienced in geosynthelc and geotehnical engineering.

the various factors affecting a design and make appropriate
decisions regarding test data interpretations.

The tyical sequence of events related to direct shear testing
includes the following:

1. An engineer requests a direct shear test series to obtain
data to help solve a problem. The request should be very
specific with regard to all the necessary details regarding

I Richard Thiel is a senior project manager at Vector Engineering Inc. in Grass Valley, Calif.
The Designer's Forum column is refereed by Greg Richardson, Ph.D., P.E., a principal at RSG & Associates, Raleigh, N.C., www.rsgengineers.com
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sampling, specimen preparation and setup
in the testing devìce, and test execution
in accordance with both project-specific
conditions and industry standards.

2. A competent and certified labora-
tory performs the test series in accor-
dance with the request and the industry
standard test method (e.g., ASTM D5321

or D6243). The laboratory reports results
to the engineer.

3. The engineer interprets and applies
the results to the project design.

What we are measuring in the

direct shear test is shear strength
as a function of normal load. The

test does not measure ¡Ifriction"

orllcohesion:1 as these are simply

mathematical parameters derived
from the laboratory test results.

Ideally the engineer who originally
specified and required the shear test
would be the same one who reviews and
interprets the results. Sometimes, such as
in a third-party construction quality as-
surance (CQA) project, an engineer other
than the original designer wil commis-
sion and review the testing. Interactions
with test laboratories and other engineers
over time have shown that there are often

misconceptions and misunderstandings
related to the interpretation of direct

shear test data. Thus, this article is in-
tended to serve the purpose of helping
project participants avoid confusion.
The key point of this article is that what
we are measuring in the direct shear test
is shear strength as a function of normal
load. The test does not measure "fric-
tion" or "cohesion;' as these are simply
mathematical parameters derived from
the laboratory test results.

Figure 1 presents shear test results of
a 4-point test for an interface between a
textured geomembrane and a reinforced
GCL. Three shear points, each at a dif-
ferent normal stress, are the most com-
mon number of points used to run a test
series, but the number of points could

vary from as few as one, to perhaps as many as six points, depending on many factors
beyond the scope of this article. The figure shows: (a) a table of the normal stresses vs.
peak and large-displacement shear strengths measured at 2.5in. of displacement, (b)
graphs of the shear stress vs. displacement measurements, and (c) notes describing
test conditions and observations.

There is adequate information in this figure for a trained practitioner to evaluate
and use the data. The laboratory has performed its duty, which is to measure and
report the shear strength under specified normal stresses (we are simplifyng the dis-

www.geosyntheticsmagazine.infoIGeosynthetics 11
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cussion here by not elaborating on other
factors such as hydration, consolidation,
etc.), showing how the shear strength
changed with displacement of the two
surfaces, and providing descriptive and
observational notes.

Figure 2 shows additional informa-
tion that can be provided by a laboratory
in the form of a graph of the peak and
large-displacement strengths plotted as a
function of normal stress. Best-fit straight
lines, called Mohr-Coulomb strength en-
velopes, named after the gentlemen who
first publicized the relationship between
shear strength and normal stress, have
been drawn through the two sets (peak
and large-displacement) of data points.

Equations can be written for these
lines, as we learned in first-year algebra
class, in the form of y = mx + b. In this
case we define y as the shear strength (S);
m as the slope of the line that we call the
"coeffcient of friction" and whose angle
is phi (lj), which we call the "friction
angle" (and thus tan(lj) is the slope of
the line); x is the normal stress (N); and
b is the y-intercept of the line that we
call either "adhesion" (a, usually used for
geosynthetics-only tests) or "cohesion"

(c, usually used for tests involving soils,
which wil be used for the remainder of
this article).

Mohr-Coulomb
In geotechnical engineering, we write
the Mohr-Coulomb equation for these
lines as:

S = No tan(lj) + c

This equation is written for peak,
large-displacement, or residual shear
strength conditions. The fundamental
points in this article regarding the pre-
sentation of the data in Figure 2 include
the following:

1. The Mohr-Coulomb envelope
should not be extrapolated beyond
the limits of the normal stresses under
which the testing was conducted. To do
so would never be conservative and, in
fact, may be significantly nonconserva-
tive. The reason that simple extension-
extrapolations of the Mohr-Coulomb
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Figure 21 Example of supplemental data interpretation provided by the laboratory.

envelope are non conservative is pre-
sented in Figure 3. Most shear strength
envelopes are truly curved (nonlinear).
This tendency for a curved failure en-
velope is exaggerated in Figure 3, but
can clearly be identified for the real-life
strength envelopes presented in Figure
2, in particular for large-displacement
conditions.

The Mohr-Coulomb model is merely
a linear simplification of a portion of
the entire envelope over a limited range
of normal stresses. If testing were per-
formed over a large enough range of nor-
mal stresses the curvature would become

more apparent. True shear strength enve-

lopes are found to be most accurately de-
scribed by hyperbolic functions. Giroud
et aL. (1993) provides a good method to
describe hyperbolic strength envelopes.

2. The values of phi and c should
be considered nothing more than
mathematical parameters to describe
the shear strength vs. normal stress
over the normal-load range the test
was conducted. It is perhaps better not
to think of "friction" and "cohesion" as
real material properties, but simply as
mathematical parameters to describe
the failure envelope.
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Figure 41 Example of safe shear strength extrapolation.

In geotechnical practice with soils,
there are situations and examples where

the cohesion parameter is evaluated sepa-
rately from the friction parameter, but
these are sophisticated considerations
that involve very project-specific mate-
rials and conditions and should only be
done by experienced professionals.

For many geosynthetic interfaces and
in the context of many tyes of projects,
there is absolutely no reason to dissociate
the slope of the line from its y-intercept,
and the shear strength should be taken as

'4 Geosynthetics I Aprii May 2009

a whole in those cases. Other situations
may occur, however, where it is appropri-
ate, but those considerations are beyond
the scope of this article.

3. In many, if not most, cases with
geosynthetics where there is no reason
to ignore the cohesion value, it is impor-
tant to re-emphasize that shear strength
should only be defined within the range
of normal stresses for which the Mohr-
Coulomb envelope was derived. Ignor-
ing the cohesion may be unjustifiably
penalizing the shear strength values that

were measured in the test, as ilustrated
in Figure 3.

Using the cohesion value at normal
stresses extrapolated below the range of
testing, however, could have dire conse-
quences on the safety of a design project.

This problem may occur when designers
consider only the operational or final
build-out of a facility and they ignore the
construction condition. Several failures
have occurred during construction be-
cause of this. For example, an embossed
geomembrane against a geotextile may
perform well under high normal loads
by providing a good friction angle and
a modest y-intercept for operating and
final build-out conditions. However,

under the low normal loads experienced
during construction of a thin soil ve-
neer on a steep sideslope, testing might
reveal that the adhesion extrapolated
from the high-normal load results do not
exist at low normal loads. In this case, a

more aggressive texturing that exhibits
a "Velcro.-effect" type of adhesion, or a
very high friction angle, at low normal
loads may be needed and should be veri-
fied at the proper normal loads.

4. Figures 1 and 2 also report secant
friction angles for each point. These are
the angles of the straight lines from each
point drawn back to the origin. A key
concept regarding secant friction angles
is that you should never extrapolate a
secant angle line beyond the normal load
for which it is measured. Secant values are
conservative as long as the secant values

are derived from a test whose normal
stress was greater than the normal stresses
of the design. They can quickly become
nonconservative if the same friction angle
is used for higher normal loads.

5. If users wish to extrapolate shear
strength data, Figure 4 ilustrates the only
"safe" way to accomplish this. Going from

the low end of the Mohr-Coulomb enve-
lope and extrapolating backward, the data
can be extrapolated by drawing a straight
line back to the origin. Going from the
high end of the Mohr-Coulomb envelope
and extrapolating forward, the data can
be extrapolated by drawing a straight line
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PROJECT NUMBER: S142019  
PROJECT NAME: USEN – Trench 13 Design  
DATE: June 2015  
CALCULATION NUMBER: C.11 Revision:  

CALCULATION TITLE:  Trench 13 Foundation Settlement Estimate 

DESCRIPTION OF CALCULATION:   

Estimate of the settlement of the Trench 13 foundation (cell bottom)  

  

REFERENCES USED: Number of Reference Pages Attached:  

1.  Trench 13 Excavation and Final Slope Stability calculation (Calculation C.02).  Soil 
and waste properties used in this calculation and determined by lab testing and 
previous trench calculations).  

2.  Landfill Report for Trench 12, 1996 foundation settlement calculation  

  

  

REVIEW COMMENTS: 

  

  

.  
  

CALCULATION MADE BY: SLW (SRES) DATE: June 2015 

CALCULATION CHECKED BY: PAZ DATE: June 25, 2015 

CALCULATION REVISED BY:  DATE:  

CALCULATION REVIEWED BY: SLW (SRES) DATE: June 25, 2015 
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TRENCH 13 FOUNDATION SETTLEMENT ESTIMATE  

APPROACH  

Calculation intended to estimate settlement of native soil material at the base of Trench 
13 disposal cell(s) under the influence of the full thickness of disposed waste and final 
cover.   

Calculation is made by the same method used for the similar calculation made for 
USEN Trench 12.  That calculation approach, as included in the 1996 Design Report 
(design drawings and supporting calculations) and originally approved by NV DEP for 
Trench 12, is assumed still to be acceptable.  Later modifications to the 1996 design, as 
approved by NDEP and as constructed, certified, and approved for waste disposal, 
were based on many of the earlier calculations that were made in support of the design, 
including the settlement calculation. 

The assumption is made that settlement under the influence of full waste thickness will 
result from the difference between the settlement caused by the weight of native soil 
removed for construction of Trench 13 and the combined weight of waste and final 
cover.  Further, the location of maximum settlement will be along the line representing 
the horizontal superposition of maximum waste thickness and maximum soil removal 
(per additional assumptions provided below). 

For this calculation, the following additional assumptions are made: 

• The density of all native soil materials is assumed to be 120 pcf (pounds per 
cubic feet).  The assumption considers the difference between the density of 
non-cohesive surface soil (110 pcf) and all deeper removed soil (120 pcf) to be 
negligible. 

• The difference between the (density of the lower portion of deposed waste (i.e., 
115 pcf, from 50 feet deep to the bottom of disposed waste) and that of select 
waste (i.e., no density assumed, first 30 inches of material placed on the liner) is 
negligible.   

• The difference between the density of final cover soil (110 pcf) and the density of 
the upper 50 feet of disposed waste (100 pcf) are similar and the weight of both 
can be approximated by the waste density.    

• The geometric difference between the location of maximum native soil removal 
(i.e., south end of Trench 13) and the location of maximum waste thickness (near 
north end of Trench 13) is ignored and the two extremes are assumed to be 
applied along the same geographic line (east-west line) across all phases of 
Trench 13. 

• The weight of liner materials is not considered. 
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The source of vertical thicknesses and densities is the Trench 13 Excavation and Final 
Slope Stability calculation (Calculation C.02) and references to sources of values 
provided in that calculation. 

NATIVE SOIL MATERIAL REMOVAL 

Maximum vertical thickness removed = 75 feet 
Native soil density (average, across all removed strata) = 120 pcf (lb/ft3) 
 
Load applied vertically at base of cell excavation = 75 ft x 120 pcf = 9,000 psf (lb/ft2)  

Waste material and final cover 

Total maximum vertical thickness, including 3 feet of final cover =155 feet 
Waste density – upper 53 feet (3 feet of final cover and 50 feet of waste) = 100 pcf 
Waste density – from 53 feet deep to 150 feet deep = 115 pcf 
 
Load applied vertically at base of cell excavation  
 = [53 ft x 100 pcf] + [(155-53) ft x 115 pcf] 
 = 17,030 psf  

Difference between loadings 
 (also described as “net stress increase at the foundation level”)  

 = 17,030 psf – 9,000 psf = 8,030 psf 
 = 4 tsf  (tons/ft2) 

SETTLEMENT ESTIMATE 

The 1996 calculation, made using Schmertmann’s Method, determined net settlement 
to be as follows: 

After 10 years, net settlement (inches) = 0.42 Δp     where Δp = net stress increase in 
tsf 
 = 0.42 * 4 tsf = 1.68 inches 

After 100 years, net settlement (inches) = 0.48 Δp 
 = 0.48 * 4 tsf = 1.92 inches  

CONCLUSION 

The estimated net foundation settlement determined by this calculation is less than two 
inches, occurring along the east-west line beneath the crest of the final cover.  
Settlement that can be expected at locations moving away (in either direction – north or 
south) from the line of maximum settlement will be proportionately less.  As the design 
slope of the cell foundation (i.e., cell floor) is approximately a 20 feet difference from 
north (higher elevation) to south (lower elevation), the cell floor elevation changes (i.e., 
lower elevations) resulting from settlement (i.e., much less than 2 inches) will be 
negligible with regard to functioning of the leachate collection and leak detection 
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functions of the cell floor liner.  Further, the settlements resulting from waste placement 
will be uniform and will not result in differential settlement of a magnitude that would 
degrade the functioning of the liner system. 



 

 

 

Reference 1 

See Calculation C.02 

Trench 13 Excavation and Final Cover Slope Stability 
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CALCULATION SUMMARY SHEET Page 1 

PROJECT NUMBER: 143418  

PROJECT NAME: USEN – Trench 13 Design  

DATE: September 12, 2014  

CALCULATION NUMBER: C.12 Revision: 1 (March 31, 2016)  

 

CALCULATION TITLE:  Final Cover Erosion by Water 

 

DESCRIPTION OF CALCULATION: 

This calculation determines the rate of soil cover erosion from Trench 13 surfaces  

  

 

REFERENCES USED: 

1. RUSLE2 Version 2.5.6.7.7 (November 6, 2015)  

2. Soils Map – Nye County Southwest – US Ecology Facility and Vicinity - USDA  

3. Soils Properties 2053 Yermo-Greyeagle-Arizo  

4. Particle Distribution for Trench 11 Cover - 2013  

5. Particle Distribution for Trench 11 Cover - 2016  

6. Design Drawings for Cover Slope of Trench 13  

7. RUSLE2 Model Inputs and Outputs  

8. NOAA Atlas 14, Volume 1, Version 5, Amargosa Farms Precipitation Frequency  

9. Trench 13 Final Cover Basin Delineation and Final Cover Details  

10. Technical Release - 55 Model Runs and Summary  

11. Hydraulic Design Manual.  Texas DOT.  August 2015.  
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.  

  

CALCULATION MADE BY: CWK DATE: 04/09/2015 

CALCULATION CHECKED BY: CAB DATE: 05/15/2015 

CALCULATION REVISED BY: CWK DATE: 05/22/2015 
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CALCULATION 

RATE OF SOIL COVER EROSION 

PURPOSE 

This calculation estimates water erosion from the proposed final cover design of Trench 13 at the US 
Ecology Beatty Facility.  The calculation evaluates necessary armoring or lining criteria for drainages. 

APPROACH 

1. Analyze sheet flow on the upper 20H:1V top deck and 3H:1V sideslopes of the proposed final cover 
for Trench 13 using The Revised Universal Soil Loss Equation (RUSLE).  RUSLE is used to 
calculate the expected soil loss based on soil properties, rainfall, slopes and ground cover.  
Calculated soil loss is compared to the USEPA recommendations for maximum erosion rate (of 2 
tons per acre per year)1 for a landfill cover and soil tolerance values assigned by the NRCS (of 5 
tons per acre per year for site soils).   

2. Evaluate the shear stresses developed by sheet flow on the sideslopes. 

3. Model concentrated flow in upper deck flumes, sideslope lateral drainages, sideslope flumes, and 
access road drainages using USDA’s Technical Release 55 (TR-55) program and using Mannings 
equations for open channel flow.   

4. Evaluate the shear stresses developed by channelized flow in upper deck flumes, sideslope lateral 
drainages, sideslope flumes, and access road drainages. 

RUSLE2 EVALUATION OF SHEET FLOW 

The 2015 version of the U.S. Natural Resources Conservation Service (NRCS) Revised Universal Soil Loss 
Equation, Version 2 (RUSLE2) modeling software was used for the analysis (Reference 1).  RUSLE2 
software estimates soil loss, sediment yield, and sediment characteristics from rill and inter-rill (sheet and 
rill) erosion caused by rainfall and its associated overland flow.  RUSLE2 uses factors that represent the 
effects of climatic erosivity (climatic causes of soil erosion), soil erodibility, topography, cover-management 
and support practices to compute erosion.  The RUSLE equation used by the software is:  

A = RKLSCP 

Where 

A = computed average annual soil loss 

R = rainfall runoff erosivity factor 

K = soil erodibility factor 

LS = length-slope factor 

C = cover management factor 

P = supporting practices factor 

                                                 

1 USEPA.  Design and Construction of RCRA/CERCLA Final Covers, EPA/625/4-91/025.  1991 
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The use of the RUSLE2 computer model allows the user to upload region-specific database information 
instead of manual determination of the above factors.  The following two databases were downloaded from 
the RUSLE2 NRCS Database web page2 for modeling the Beatty site. 

1. Climate Data (NV climate120303.zip) 

2. Soils Data (Nye SW, 785.gdb) 

To account for the effects of construction activities on cover erosion, a Construction Site Management 
template was developed based on representative activities necessary to build the Trench 13 final cover.  
The Construction Management Template assumes non-vegetated disturbed soil that has been modified 
using certain combinations of construction or agricultural equipment.  In this instance, the soil surface 
modifications included 1) clearing-cutting by bulldozer, 2) filling and leveling by bulldozer, 3) heavy disking 
(simulating ripping), 4) rolling smooth (representing slope backdrag with a bulldozer blade) and 5) beginning 
weed growth (Reference 7). 

Using the NRCS database inputs and the Construction Site Management template provides the model with 
appropriate sources for the above factors, R, K, C, and P.  Slope angle and length are site-specific inputs 
added by the user.   

The first input for RUSLE2 is climate, which is based on the location input.  For the US Ecology Beatty 
facility, the location “USA\Nevada\Nye County\NV_Nye R3” was chosen.  Values for the climate of Nevada 
Nye R3 were imported into RUSLE2. 

The soil survey for Nye County Southwest Part was used to determine the soil types prevalent in the vicinity 
of the US Ecology Facility (Reference 2).  Soil type was selected based on soil particle distribution samples 
collected from the Trench 11 and compared to soil characteristics provided by NRCS.  The NRCS soils 
map, provided as Reference 2, identifies shallow soils to several feet below grade.  Because the final cover 
is a mix of soils from the ground surface to 75 feet below grade, the native surface soils are not necessarily 
the best representative soil for use to model performance of the final cover, the subject of Calculation C.12.  
Soil type 2054 Yermo, Hot-Yermo-Arizo Association is the prevalent soil type at the surface, as identified 
on the soil survey map included as Reference 2; However, soil type 2053 Yermo-Greyeagle-Arizo has a 
description and grain distribution believed closer to that used on the cover of Trench 11, and expected for 
use on Trench 13.  The 2053 Yermo-Greyeagle-Arizo is located at higher energy locations of the alluvial 
fan that is the geomorphic feature upon which the USEN facility is located.  The NRCS- database soil 
characteristics for the 2053 Yermo-Greyeagle-Arizo Association are provided as Reference 3 and the soil 
characteristics of Trench 11 in-place cover soils are provided as References 4 and 5.   

Values for 2053 Yermo-Greyeagle-Arizo were imported as a database file in RUSLE2.  It should be noted 
that actual soils used on Trench 11 and anticipated for use on Trench 13 did have higher percentage of 
sand and gravels and lower percentage of silts and clays then specified for the 2053 Yermo-Greyeagle-
Arizo.   

RUSLE2 modeling of the Trench 13 final cover considered two slope orientations.  The longest slope length 
for each slope type (i.e., 5%, 33%) was assumed as a worst case scenario.  See Reference 6 for the 
longest slope length applicable to each slope segment and the corresponding length used in the RUSLE2 
model. 

Slope 
(ft/ft) 

Slope Length 
(Horizontally) 

Slope Length 
(Along Slope) 

20:1 or 5% upper deck 200 200 
3:1 or 33% (north slope) 100 110 

                                                 

2 http://www.ars.usda.gov/Research/docs.htm?docid=6010  

http://www.ars.usda.gov/Research/docs.htm?docid=6010
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RUSLE2 allows the user to specify slope contouring.  The “no contouring” option was chosen. 

The results of these analyses are shown on the attached “RUSLE2 Erosion Calculation Record” sheets 
(Reference 7) and are summarized below: 

Orientation- Soil Loss (tons/acre/year) 
3:1 slope 1.9 
20:1 slope 0.23 

Both erosion rates are less than the 2 tons per acre per year USEPA-recommended maximum rate1.  The 
soil loss tolerance value assigned by NRCS as a standard for protecting soil as natural resource, is 5 tons 
per acre per year3 for the 2053 Yermo-Greyeagle-Arizo association.  The calculated values are below the 
NRCS soil loss tolerance value. 

SHEER STRESS EVALUATION OF SHEET FLOW ON SIDESLOPES 

Sheet flow runoff depth experienced across the landfill cover is primarily a function of the storm intensity, 
flow length, infiltration losses, and steepness.  The 100-year, 1-hour storm event at the facility is 1.44 inches 
as determined by the National Oceanic and Atmospheric Administration (NOAA, 1973), NOAA Atlas 14, 
Volume 1, Version 6, Amargosa Farms and is included as Reference 8.  For the 3H:1V sideslopes with a 
flow length of 100 feet, and an estimated infiltration loss of 80% (20% runoff), then the maximum sheet flow 
depth is calculated to be approximately 0.05 inches (assuming a flow velocity of approximately 10 ft/min) 
at the worst case location where sheet flow enters lateral sideslope drainages incorporated into the Trench 
13 design.  Lower intensity storms would result in a shallower flow depth. 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 ∗  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉
 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ =  
20% ∗ ((1.44 𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)/ℎ𝑟𝑟) ∗ (1 𝑓𝑓𝑓𝑓)/(12 𝑖𝑖𝑖𝑖) ∗ 100 𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑡𝑡ℎ

10 𝑓𝑓𝑓𝑓
𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 60𝑚𝑚𝑚𝑚𝑚𝑚/ℎ𝑟𝑟

 =  0.004 ft or 0.05 in 

The recommended EPA guidance document (EPA 909-R11-007)4 indicates that tractive force analysis is 
performed by comparing the effective shear stress (applied by runoff) against the allowable shear stress 
(of the exposed surface).  In cases where barren (non-vegetated) surfaces are considered, the effective 
shear stress applied by the flowing water is equal to: 

 Shear Stress, te = Unit wt water (pcf) * Depth (ft) * Slope  

The magnitude of tractive forces associated with sheet flow regimes on the final cover are presented in the 
following Table.  It should be noted that application of shear stress evaluation is best suited for open channel 
evaluation and not sheet flow. 

Applied Shear Stresses 
Flow Regime Flow Depth (in) Gradient Shear Stress (psf) 
Sheet Flow – 20H:1V Upper Deck 0.05 0.05 0.01 
Sheet Flow – 3H:1V Sides 0.05 0.33 0.09 

It is acknowledged that minor surface erosion will occur in a large scale (i.e., “global”) manner across the 
completed surface planes of the landfill cover.  This global erosion will occur as a result of rain impact, wind 
                                                 

3 Revised Universal Soil Loss Equation Version 2 (RUSLE2) Handbook.  Prepared by the USDA RUSLE 
Development Team.  March 2001. 
4 EPA-909-R-11-007.2011, Closing Small Tribal Landfills and Open Dumps 
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events, and the effects of sheet flow.  The rate of global erosion will be highest immediately after 
construction when fine particles constitute a substantial fraction of the exposed surface.  Recent visual 
inspections of the Trench 11 cover (2.5 years after construction) reveal that the exposed surface has 
undergone a natural armoring process, where fine sediments at the surface tend to be blown or washed 
away and a coarser, more resistant fraction of aggregates (coarse sand and gravel particles) remain 
exposed to the elements.  The rate of global erosion is retarded by the presence of the armored surface, 
so long as the surface remains undisturbed.   

USEN recently attempted to quantify the extent of this natural armoring process, which has occurred on the 
Trench 11 cover since initial construction in 2013.  Surface samples were obtained from four locations in 
February 2016 for the purpose of determining the gradation of the armored surface.  However, these 
samples were obtained by gathering aggregates located in the upper 2 inches and consequently still 
included a significant fraction of the underlying fines.  The resulting gradations are indicative of increased 
coarseness (average D50 of 0.13 inches (average of 2016 samples) rather than 0.08 inches (average of 
2016 samples), but still do not correlate with the concentrated coarse fraction that was visibly present 
across the armored surface.  The 2013 and 2016 soil particle size distribution curves are provided as 
References 4 and 5.  The natural armoring process progressively achieves a steady state when the 
exposed surface approaches the critical particle size associated with each respective storm event.  From 
the Table above (assuming the 100-year, 1-hour storm event) and extrapolating from values provided in 
Reference 11, final cover soil with a D50 of approximately 0.25 inch provides good protection from damaging 
shear stress.  Once a steady state condition is achieved then subsequent storms of similar magnitude will 
result in negligible amounts of global erosion.   

TR-55 EVALUATION OF UPPER DECK BERMS, SIDESLOPE LATERAL DRAINAGES, AND 
SIDESLOPE FLUMES 

Design Criteria: 

• Design to 100 year/24 hour precipitation event (TR-55 does not accept the 1-hour event). 
• Flumes and drainages should have a velocity of 2 feet per second to promote self-cleaning. 
• Flume and drainages should include 1.0 foot of freeboard. 

On January 28, 2016, USEPA requested that the Trench 13 final cover surface-water management features 
be designed to manage precipitation from the 100-year, 1-hour storm event.  The 100-year, 1-hour storm 
event is estimated at 1.44 inches of precipitation as determined by the National Oceanic and Atmospheric 
Administration (NOAA, 1973), NOAA Atlas 14, Volume 1, Version 6, Amargosa Farms and is included as 
Reference 8.  The TR-55 modeling software accepts inputs for 24-hour precipitation event, thus, the 100-
year, 24-hour precipitation event, estimated at 3.13 inches of precipitation (Reference 8) was used. 

Basin delineations are determined by the final topography of Trench 13.  The basin delineations are 
presented in Reference 9. 

The TR-55 Model was used to calculate surface-water run-off volume and peak rate of discharge for small 
watersheds using two independent hydrologic soil groups.  A description of the TR-55 procedure was 
provided in Calculation C.01.  In addition, surface water management features, for Facility drainages, are 
further described and evaluated in Calculation C.01 and are necessary to route surface-water once it leaves 
the Trench 13 final cover, and at interim stages, during subsurface operations, as operations proceed above 
grade, and following final cover placement.   

The Trench 13 final cover will incorporate surface water management features such as berms, sideslope 
lateral drains, and flumes shown in plan view and in details included in Reference 9.  All management 
features were evaluated using discharge information from the TR-55 model for a 100-year 24-hour 
precipitation event included in Reference 10.  Evaluations of management features included water stage 
height and velocity during maximum flow conditions. 
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Upper Deck Berms 

A series of berms will be incorporated on the upper deck (20:1) slopes of the Trench 13 final cover.  The 
purpose of the berms is to limit sheet flow on the upper decks, and prevent concentrated run-off in areas 
when it could potentially cause scour when released down the 3:1 sideslopes.  The berms will incorporate 
a layer of armoring to prevent scour at locations of concentrated flow.  Upper deck run-off control berms 
will be oriented to direct flow to the protected flumes on the sideslopes which will carry run-off from the final 
cover.  Upper deck berms will be 2 feet in height and at a cross-gradient slope of 1%.   

Upper Deck Flumes 

Flumes will be installed on the upper deck to transport surface water to the 3:1 sideslopes and off the final 
cover.  Flumes will be armored to reduce infiltration of the concentrated flow and to prevent scour of the 
final cover.  Flumes on the upper deck include two 2-foot berms separated by a 4 foot flume bottom width.   

Analysis was completed using the TR-55 software to determine the maximum discharge the upper deck 
flume would receive in a 100-year precipitation event.  The Final Cover Upper Deck Middle West (FC-UD-
MW) Basins combine to cause the highest run-off (Reference 9) and cover approximately 5.16 acres of the 
upper deck.  The TR-55 evaluation of the multiple basins contributing to the upper deck flume predicts a 
maximum flow of 3.2 cubic feet per second (cfs) in a 100-year/24-hour precipitation event. 

A hydraulic analysis was performed to determine water stage height and velocity in the Upper Deck Flumes, 
using Manning’s Equation for open channel flow.  

Manning’s Equation is:  

𝑄𝑄
𝐴𝐴� = 𝑉𝑉 =

𝑘𝑘
𝑛𝑛
𝑅𝑅ℎ
2
3𝑆𝑆

1
2 

Where: 
𝑄𝑄= Flow   [ 𝑓𝑓𝑓𝑓

3

𝑠𝑠𝑠𝑠𝑠𝑠
 ] 

𝐴𝐴= Cross Sectional Area  [ 𝑓𝑓𝑓𝑓2] 
𝑉𝑉= Velocity  [ 𝑓𝑓𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠
 ] 

𝐾𝐾= Conversion Factor = 1.4859 
𝑅𝑅ℎ = A / Wp = Hydraulic Radius [ft] 
𝑊𝑊𝑊𝑊= Wetted Perimeter  [ft] 
𝑆𝑆= Slope [ 𝑓𝑓𝑓𝑓

𝑓𝑓𝑓𝑓
 ] 

𝑛𝑛=Manning’s Coefficient [unit-less] 

Flume Conditions:   
• Trapezoidal channel  
• Base of 4 ft 
• Sideslope at 3 to 1 
• Flume slope of 5% 
• Manning’s Number of 0.023 

Analysis yields a water stage height of 2.1 inches and a velocity of 4.3 feet per second (fps).  Values 
indicate that the channel geometry provides greater than 1 foot of free board and sufficient velocity to be 
self-cleaning.  

Sideslope Lateral Drains 

Lateral drains (benches) will be installed on the sideslope (3:1) portion of the Trench 13 final cover to collect 
sheet flow run-off and transport it to the sideslope flumes.  Lateral drains will limit sheet flow at any point 
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on the Trench 13 sideslopes to approximately 100 feet to limit concentrated flow which could potentially 
damage and scour the final cover.  

Analysis was completed using the TR-55 software to determine the maximum discharge the sideslope 
lateral drain would receive in a 100-year/24-hour precipitation event.  Final Cover Basin 3A (FC-3A) was 
chosen because it collects sheet flow from the largest sideslope area, approximately 1.35 acres.  TR-55 
predicts a maximum discharge of 0.84 cfs.  

A hydraulic analysis was performed to determine water stage height and velocity in FC-3A’s lateral drain.   

Drainage Conditions:   
• Triangular channel  
• Sideslope at 3 to 1 
• Drainage slope of 2% 
• Manning’s Number of 0.023 

Using Manning’s Equation for open channel flow, analysis yields a water stage height of 4.2 inches and a 
velocity of 2.7 fps.  Values indicate that the channel geometry provides greater than 1 foot of free board 
and sufficient velocity to be self-cleaning. 

Sideslope Flumes 

Flumes will be installed on the sideslope (3:1) portion of the Trench 13 final cover to transport surface-water 
run-off from the upper deck and sideslope lateral drains to the toe of the final cover.  Flumes placed on the 
sideslopes will consisted of two 2-foot sidewalls separated by a 4 foot wide flume base.   

Analysis was completed using the TR-55 software to determine the maximum discharge the sideslope flume 
would receive in a 100-year precipitation event.  Final Cover South West (FC-SW) basins were chosen 
because it collects the largest area of the Trench 13 upper deck and sideslope, approximately 4.69 acres 
and 3.39 acres, respectively; collecting a total area of 8.08 acres.  The TR-55 evaluation of the multiple 
basins contributing to the sideslope flume predicts a maximum flow of 5.0 cfs in a 100-year/24-hour 
precipitation event. 

A hydraulic analysis was performed to determine water stage height and velocity in the sideslope flume.   

Flume Conditions:   
• Trapezoidal channel  
• Base of 4 ft 
• Sideslope at 3 to 1 
• Flume slope of 33% 
• Manning’s Number of 0.036 

Using Manning’s Equation for open channel flow, analysis yields a water stage height of 2.0 inches and a 
velocity of 6.8 fps.  Values confirm that the channel geometry provides greater than 1 foot of free board 
and sufficient velocity to be self-cleaning.  Energy dissipation structures will be necessary at the base of 
the Flumes.  These structures might include shallow rip-rap channels or concrete barriers.   

Access Road Ditch 

Access roads are incorporated in the Trench 13 design, and act as drainage channels for sideslope basins.  
Access roads are approximately 18 feet wide and have a 5% cross-gradient into the sideslope.  The access 
road includes a 1-foot deep and 6-foot wide triangular ditch with 3H:1V sides.   

The access road ditch was evaluated using TR-55 to determine the maximum discharge the maximum 
discharge in a 100-year/24 hour precipitation event.  The access road varies in grade between 5% and 
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10%.  Basins contributing to the access road ditch have a total area of 2.39 acres.  The TR-55 evaluation 
of these basins determined a maximum discharge of 1.5 cfs during a 100-year/24-hour precipitation event.  

A hydraulic analysis was performed to determine maximum water stage height and velocity in the access 
road ditch.   

Drainage Conditions:   
• Triangular channel  
• Sideslope at 3 to 1 
• Drainage slope of 5% and 10% 
• Manning’s Number of 0.036 

Using Manning’s Equation for open channel flow, analysis yields a water stage height of 4.9 inches and a 
velocity of 3.1 fps at 5% road grade and 4.3 inches and a velocity of 4.0 fps at 10% road grade.  All values 
confirm that the access road ditch geometry provides greater than 1 foot of free board (when the cross-
grade of the road is included) and sufficient velocity to be self-cleaning.  

SHEAR STRESSES OF CHANNELIZED FLOW ALONG UPPER DECK BERMS, IN SIDESLOPE 
LATERAL DRAINAGES, AND IN SIDESLOPE FLUMES. 

The tractive force exerted by sheet flow regimes are minimal in comparison to the forces associated with 
concentrated flow.  The potential destructive forces of concentrated flow emphasizes the importance of 
fostering sheet flow across each of the finished surfaces, intercepting sheet flow before it is likely to 
transition into concentrated flow, and the need to provide armored drainages and flumes, which are 
designed to convey the concentrated flows off the landfill cover.   
Four drainages are evaluated including: 

• Upper deck berms are designed with a typical gradient of 0.01. 
• Lateral drainages are designed with a typical gradient of 0.02 and will require protective armoring.   
• Flume channels will have a typical gradient of 0.33 and will require protective armoring.   
• Access road drainages are designed at 5% and 10% grade (0.05 and 0.10 gradient) and will require 

protective armoring. 

The potential tractive forces within these lateral drainages and flumes are identified below, based upon 
drainage flow depth resulting from a 100-year/24-hour precipitation event.   

Applied Shear Stress – Typical Ditches and Flumes 

Flow Regime 
Flow Depth 

(in) Gradient 
Shear Stress 

(psf) 
Upper Deck Flumes 2.1 0.05 0.55 
Sideslope Lateral Drains 4.2 0.02 0.44 
Sideslope Flumes 2.0 0.33 3.4 
Access Road Ditch at 5% 4.9 0.05 1.3 
Access Road Ditch at 10% 4.3 0.10 2.2 

Literature published by the Texas Department of Transportation (TxDOT) provides some guidance 
regarding the maximum potential tractive force that various aggregates or lining materials are able to 
withstand (TxDOT, Hydraulic Design Manual, August 2015).  The following guidance was extracted from 
this literature. 
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Permissible Shear Stress - Various Materials 
Protective Cover Allowable Stress (psf) 
Gravel, D50 = 1 in 0.40 
Gravel, D50 = 2 in 0.80 
Gravel, D50 = 6 in 2.50 
Gravel, D50 = 12 in 5.00 
Soil Cement  
(comparable to grouted aggregates) >45 

This guidance indicates that: 

• Gravel aggregates exhibiting a D50 particle size of 2 inches or greater can be used to line the upper 
deck flumes and sideslope lateral drainages.   

• Gravel aggregates exhibiting a D50 particle size of 6 inches or greater can be used to line the 
access road drainages. 

• Large riprap aggregates (up to 12 inches in diameter) are required in steep flume channels and in 
10% grade access road drainages.  Interstitial cement grout should be added if additional stability 
is desired.   

CONCLUSION 

Sheet flow was analyzed on the 20H:1V upper deck and 3H:1V sideslopes of Trench 13 using The Revised 
Universal Soil Loss Equation (RUSLE).  Maximum calculated soil loss values of 0.23 tons per acre-year on 
20H:1V and 1.9 tons per acre-year on 3H:1V slopes were less than the USEPA recommendations for a 
maximum erosion rate for a landfill cover of 2 tons per acre-year, and less than soil tolerance values 
assigned by the NRCS of 5 tons per acre per year for site soils. 

Sheet flow shear stresses were evaluated on the 20H:1V upper deck and 3H:1V sideslopes of Trench 13 
and found to be approximately 0.01 psf and 0.09 psf, respectively, when considering a 100-year 1-hour 
precipitation event.  Extrapolating from the literature values suggests that a soil surface texture with a D50 
of 0.25 inch can withstand shear stresses of 0.1 psf.  Current surface soils on Trench 11 show a natural 
armoring that is approaching a D50 of 0.25 inch, based on visual classification methods (ASTM D2487).. 

The upper deck flumes, sideslope lateral drainages, sideslope flumes, and access road drainages were 
evaluated using USDA’s Technical Release 55 (TR-55) program and using Manning’s equations for open 
channel flow.  Based on the evaluation, the anticipated run-off depths are sufficient to provide over 1.0 foot 
of freeboard and the velocities are large enough to promote self-cleaning of the drainages.  The following 
summarizes the analysis. 

 Max Flow 
Rate (cfs) 

Max Depth 
(in) 

Freeboard 
(ft) 

Max Velocity 
(fps) 

Upper Deck Flume 3.2 2.1 >1.5 4.3 
Sideslope Lateral Drainage 0.84 4.2 >1.5 2.7 
Sideslope Flume 5.0 2.0 >1.5 6.8 
Access Road Drainage at 5% 1.5 4.9 >1.5 3.1 
Access Road Drainage at 10% 1.5 4.3 >1.5 4.0 

Shear stresses were evaluated for channelized flow along upper deck flumes, sideslope lateral drainages, 
sideslope flumes, and along access road ditches.  The analysis has concluded that: 

• Gravels with a D50 of 2 inches are appropriate for use as a protective lining in upper deck flumes 
and berms, and in sideslope laterals; 

• Gravels with a D50 of 6 inches are appropriate for access road drainages; and 
• Gravels with a D50 of 12 inches are appropriate for use on sideslope flumes.  



Final Cover Erosion Using RUSLE2 Prepared by:  CWK   Date:  04/09/15 
Calculation C.12, Revision 1 Checked by:  CAB   Date:  05/15/15 

Page 10 

 

Grout or cement applications to any of the above protective measures would increase the allowable 
stresses.   
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ABOUT RUSLE2 

The structure of the revised universal soil loss equation RUSLE2 is based on the Universal Soil 
Loss Equation (USLE), which is given by:  

A = R K L S C P 

where A = average annual soil loss from rill and interrill erosion caused by rainfall and its 
associated overland flow (tons ac-1 yr-1), R = the factor for climatic erosivity, K = the factor for 
soil erodibility measured under a standard condition, L = the factor for slope length, S = the 
factor for slope steepness, C = the factor for cover-management, and P = the factor for support 
practices.  A value for soil loss A is computed by selecting values for each factor and multiplying 
them. 

These factors represent the effect of climate, soil, topography, and land use on rill and interrill 
erosion.  By assigning values to these factors based on site-specific conditions, the USLE 
computes soil loss for specific sites, and it can be used to guide conservation planning tailored to 
individual field sites. 

RUSLE1 was a revision and update of the Universal Soil Loss Equation (USLE), which has been 
widely used since the early 1960s.  The first version of the USLE was described in Agriculture 
Handbook No. 282, published in 1965.  The second major version of the USLE was described in 
Agriculture Handbook No. 537, published in 1978.  RUSLE1 is the third version of the USLE, 
and it is described in Agriculture Handbook No. 703, published in 1998 by the U.S. Department 
of Agriculture, Washington, D.C.  RUSLE1 retained the equation structure of the USLE, but each 
factor was either updated with recent data, or new relationships were derived based on modern 
erosion theory and data. 

The major fundamental difference between RUSLE2 and the USLE and RUSLE1 is in the 
method used to solve governing equations.  Mathematical approximations were used in the USLE 
and RUSLE1 to integrate time varying equations that underlie the erosivity, topographic, 
erodibility, cover-management, and supporting practices factors.  These approximations were 
used to produce a simple, powerful, method to compute soil loss that could be used in a “paper 
version” form in field offices.  RUSLE1 was also available in a computer program.   

RUSLE2 uses a much more detailed and proper mathematical approach to integrate the 
underlying governing equations, which makes RUSLE2 more powerful and accurate for many 
conditions than either the USLE or RUSLE1.  The increased complexity of the mathematical 
procedures used in RUSLE2 requires that RUSLE2 be used as a computer program rather than in 
a paper version.  If a paper version of RUSLE2 is to be used, its values should be based on 
computations using RUSLE2 rather than continuing to use RUSLE1.  An appendix to this User 
Guide describes differences between the USLE, RUSLE1, and RUSLE2. 

RUSLE2 uses a hybrid approach that combines empirically derived equations with those derived 
from theory for erosion processes to estimates rates of rill and interrill erosion.  The underlying 
structure of RUSLE2 uses empirical indices for the major factors that affect rill and interrill 
erosion.  The governing equations for these indices are derived both from an analysis of empirical 
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data and from modern theory for erosion processes and mechanics.  More than 10,000 plot-years 
of data from natural runoff plots and an estimated equivalent 2,000 plot-years of rainfall 
simulator data were used in the derivation and validation of RUSLE2.  It is an exceptionally 
well-validated erosion prediction technology that has been proven by more than four decades of 
use of its predecessors, the USLE and RUSLE1.  Modern theory on erosion processes of 
detachment, transport, and deposition of soil particles by raindrop impact and surface runoff was 
used to derive several of the RUSLE2 relationships where the necessary equations could not be 
derived from empirical data.   

A strength of RUSLE2 is that it has been developed by a group of experienced and nationally 
recognized erosion scientists and conservationists.  Data needed to develop and validate RUSLE 
were not complete in all cases, which necessitated using judgement of both scientists and users of 
the equation to fill gaps.  In addition, AH703 and publications on various RUSLE components 
have been reviewed by peer scientists in a process typical of the reporting of rigorous research 
results.  Erosion scientists and NRCS technical specialists have made many runs with RUSLE2 
to ensure that it works well for every imaginable condition where RUSLE2 will be applied. The 
scientific documentation for RUSLE2 will be peered reviewed according to USDA standard 
procedures.  Thus RUSLE2 can be used with full confidence that the equation meets high 
scientific standards. 

RUSLE2 is to be used as a guide to conservation planning rather than as a precise estimator of 
soil loss.  It represents the main trends demonstrated in field data, but the accuracy of RUSLE2 
estimates varies depending on the magnitude of the soil loss, land use, and other factors.  
Uncertainty in RUSLE2 estimates is discussed in a later section.  While RUSLE2 is based on 
modern erosion science and includes numerous features never before used in applied erosion 
prediction technology, it is not designed for research purposes. 

Numerous erosion variables are computed by RUSLE2 depending on how the landscape is 
represented for a RUSLE2 computation.  The basic application is to a hillslope profile defined as 
the path from where overland flow originates to where it enters a major flow concentration.  
RUSLE2 can consider the effect of conditions varying along the hillslope profile, including those 
related to steepness, soil, and cover-management conditions.  In addition to computing rill and 
interrill erosion on the eroding portions of hillslopes, it also computes the deposition that occurs 
on hillslope segments induced by changes in topography and cover-management conditions.  The 
main erosion variables computed by RUSLE2 are sediment yield from the hillslope profile, total 
sediment detached on the hillslope profile, soil loss from eroding portions of the hillslope profile, 
and a conservation planning soil loss that takes in account amount and location of deposition on 
the hillslope profile.  RUSLE2 also computes erosion and deposition rates along a hillslope 
profiles.  The sediment yield computed by RUSLE2 is not necessarily the sediment yield from a 
field or watershed unless the end of the hillslope profile happens to end at the field or watershed 
boundary. 

Several important terms are used with RUSLE to describe the erosion process.  In the mid-
1940's, W. D. Ellison defined erosion as, “... a process of detachment and transport of soil 
particles.”  Detachment is the removal of soil particles from the soil mass and is expressed in 
units like tons ac-1. Once soil particles are removed from the soil mass, these particles are referred 
to as sediment.  The movement of sediment downslope is sediment transport, and a measure of 
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sediment transport is sediment load.  Sediment load is expressed in units like lbs./(ft width of 
slope)-1.  The sediment load at the end of the hillslope profile is defined as sediment yield. 

Sediment load on a hillslope profile increases with distance downslope where detachment is 
occurring.  That is, detachment adds to the sediment load.  Conversely at locations where runoff 
is slowed like at the toe of concave slopes or by strips of dense vegetation, deposition occurs, 
transfers sediment from the sediment load to the soil mass.  That is, deposition removes sediment 
from the sediment load, and sediment accumulates on the soil surface.  Deposition is a selective 
and sorting process.  When deposition occurs on a portion of a landscape, coarse sediment is 
deposited in the depositional area and fine sediment remains in the sediment load that is 
transported downslope.  The size of the particles in the sediment load downslope from the 
depositional area is finer than the particles in the sediment load upslope from the depositional 
area and finer than the particles in the soil where the sediment was originally produced by 
detachment.  Sediment yield from a landscape experiencing deposition is enriched in fines in 
relation to sediment from a similar area not experiencing deposition.   

RUSLE2 computes values for the size of sediment classes and the distribution of the sediment 
among classes based on soil texture and the degree that deposition has reduced the sediment load. 
 RUSLE2 computes deposition using equations for transport capacity and deposition mechanics 
as a function of runoff hydraulics and sediment characteristics and how these variables change 
along a hillslope profile.  For example, RUSLE2 takes in account how the sediment load 
becomes progressively finer as deposition occurs along a concave slope. 

Two types of deposition, remote and local, occur.  Remote deposition is that deposition that 
occurs some distance away from the origin of the sediment.  Deposition on the toe of a concave 
slope, on the upper side of vegetative strips, and in terrace channels is an example of remote 
deposition.  Local deposition is where sediment is deposited very near, within several inches, of 
where it was detached.  Deposition in micro-depressions and in low gradient furrows is an 
example of local deposition.  The difference between detachment and local deposition is called 
net detachment.  Full credit for soil saved is taken in RUSLE2 for local deposition, but the credit 
given to remote deposition as soil saved depends on the location of the deposition.  Sediment 
deposited at the end of a hillslope profile is given very little credit as soil saved. 

RUSLE2 computes soil loss as the amount of net amount of sediment produced on a segment of 
the hillslope profile divided by the length of the segment. Typical units are tons ac-1.  RUSLE2 
also computes sediment load (delivery) at locations along the hillslope profile at ends of 
segments.  These values as computed as sediment load at a given location divided by the slope 
length to that location.   Typical units are tons ac-1.      

RUSLE2 is principally used to estimate the rate that erosion is removing soil from critical parts 
of the landscape and to guide the choice of conservation practices to control erosion to a “soil loss 
tolerance” level.  Soil loss tolerance is the average erosion rate that can occur with little or no 
long-term degradation of the soil.  Soil loss tolerance, or T, values have been assigned by the 
NRCS to major soils in the US.  Typical values of T range from 3 to 5 tons ac-1 yr-1 with some 
values as low as 1 ton ac-1 yr-1 for lands where the soil is very fragile.  

In a typical application, RUSLE2 computes soil loss values based on site-specific values for the 
main variables that affect rill and interrill erosion based.  These values are related to climatic 
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erosivity at the location, erodibility of the soil based on soil survey information, length and 
steepness of the hillslope profile representing the critical portion of the site, and land use.  If the 
computed soil loss is less than the T value, control of rill and interrill erosion is assumed to be 
adequate.  If computed soil loss exceeds the T value, rill and interrill erosion is considered to be 
excessive and improved erosion control is needed.  Alternative conservation practices are 
proposed and evaluated with RUSLE2.  Those practices that give estimated values of soil loss 
less than or equal to the T value are considered acceptable. 

RUSLE2 can be used to estimate sediment yield from large watersheds by multiplying soil loss 
estimates by a sediment delivery ratio that depends primarily on watershed area.  Sediment yield 
on a per unit area basis and sediment delivery ratios generally decrease as watershed size 
increases.  RUSLE2 is not a sediment yield equation but is an equation for sediment production 
by rill and interrill erosion on overland flow areas, which is a major source of sediment in many 
watersheds.  In addition, erosion in concentrated flow areas (ephemeral gullies), classical gullies, 
stream channels, and mass movement of material into channels are other major sources of 
sediment that contribute to sediment yield but are not estimated by RUSLE2. 

Sediment yield from most watersheds is often less than sediment production within the 
watershed.  Thus, much sediment is deposited within a typical watershed.  RUSLE2, in contrast 
to the USLE and RUSLE1, can estimate the deposition that occurs on the overland flow portion 
of the landscape.  The amount of this deposition can be substantial on many hillslopes.  If 
RUSLE2 is being used to estimate sediment yield in watersheds, it should be applied to the 
eroding portion of the landscape to make a soil loss computation comparable to that produced by 
the USLE.  Otherwise, a different set of sediment delivery ratio values from those used by the 
USLE would have to be used with RUSLE2. 

General Use of the RUSLE2 Program 

The RUSLE2 program is simple and easy to use.  Rill and interrill erosion at a specific site is a 
function of the weather, soils, topography, and land use at the location.  Data for variables that 
represent these factors are stored in RUSLE2 databases. RUSLE2 is run by selecting database 
entries to represent site-specific conditions.  RUSLE2 then computes soil values using this 
information.  Most of the input values needed to run RUSLE2 are readily available in existing 
database files that are supplied with the program.  If the necessary data are not available, the 
parameters used in RUSLE2 are simple so that new values can be easily developed. 

Erosivity (R factor) values for locations where a particular user will apply RUSLE are in a 
database file in the RUSLE computer program or in AH703, Figures 2-1 through 2-5. RUSLE2 
also uses values for the bimonthly distribution of the erosivity, which are available in AH703. 
Values used by RUSLE2 for average monthly temperatures and precipitation are available in the 
RUSLE2 data files supplied with the program or can be obtained from readily available weather 
records. 

Soil erodibility (K factor) values are selected from soil survey information available in field 
offices of the USDA-Natural Resources Conservation Service (NRCS).  The particular site is 
located on a soil survey map, and the erodibility of the soil-mapping unit at the site is identified 
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and entered into the RUSLE2 program.  If values are not available, they can be calculated using 
the Soil Erodibility Nomograph in the RUSLE2 program.   

Slope length, steepness, and other topographic values are determined from an on-site visit or from 
other topographic information such as highly detailed contouring maps.  These values are entered 
directly in the RUSLE program. 

Land use is the simple most important factor that determines rill and interrill erosion.  The typical 
objective in conservation planning is to use RUSLE2 as a guide in choosing a land use practice 
that controls erosion to an acceptable rate.  The effect of land use in RUSLE2 is considered in the 
terms of management practices along with supporting practices like contouring that is added to 
the basic management practice. 

Management practices refer to such things as the tillage, cropping, vegetation, and erosion control 
materials that are applied to the hillslope.  A database file for a management practice in RUSLE2 
involves a set of dates with corresponding operations, vegetations, and residues.  A typical 
management file for a “conventional” cropping system for corn is illustrated in Table ??.  
Numerous management files are include in the management database that comes with the 
RUSLE2 program.  When RUSLE2, the user selects an existing management file, or a new one is 
created to represent the particular field condition.  In almost all cases, an existing management 
file can be used, but if a new one is created, it is saved for use in other similar applications. 

Operations are discrete events that change properties of live vegetation, residue, and/or the soil 
that affect rill and interrill erosion.  Examples of operations include tillage, planting, harvesting, 
grazing, burning, frost, ripping, and blading.  Certain information used to describe operations is 
stored in operation files that are contained in a RUSLE2 operations database that comes with the 
RUSLE2 program.  Operations are selected from the operation database to describe management 
practices.  If an operation is not available in the operations database, one can be created and 
stored in the database for later reuse. 

Vegetation is one of the most important factors that affect erosion.  Certain operations like those 
associated with planters and drills that seed crops call a vegetation file that represents live 
vegetation that is being considered in the application of RUSLE2.  Just like for operations, 
vegetation files are developed for the various vegetations that are encountered in RUSLE2 
applications.  Several vegetations are in the vegetation database that comes with RUSLE2.  If the 
necessary file is not available in the RUSLE2 database, a new vegetation file can be created and 
added to the database. 

Ground cover produced by crop residue and plant litter is the single factor having the greatest 
effect on erosion.  Plant residue is the vegetative material left after live vegetation is killed.  Such 
operations as shredding and tillage convert standing residue to flat residue and to buried residue.  
RUSLE2 also track both live and dead roots.  Each vegetation produces residue.  Residue data 
files are included in the residue database provided with RUSLE2. A residue file is assigned to 
each vegetation file, and additional residue files can be created and saved in the RUSLE2 
database. 

Residue data files are also used to describe mulch and manufactured materials applied to 
construction sites to control erosion. 
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RUSLE2 comes with an incomplete database, which is intended primarily to illustrate typical 
information in the database rather than to serve as a working database.  A much more complete 
RUSLE2 database is available from the NRCS state office, which can usually be obtained by 
contacting the NRCS State Agronomist.  

BASIC OPERATION OF RUSLE2 

The purpose of this User’s Guide is primarily to describe individual RUSLE2 factors and to 
provide guidance on how to choose values used by RUSLE2.  However, that information is best 
described by having the RUSLE2 program open and moving through the program as various 
topics are discussed.  The following information is a general overview.  Other documents should 
be consulted to provide details on the mechanics of the RUSLE2 program. 

When RUSLE2 is initially started, the opening screen requires two selections.  The first choice is 
to choose from objects for worksheet, hillslope profile, climate, storm erosivity, soil, 
management, operation, vegetation, and residue.  The worksheet and hillslope profile objects are 
used to make erosion computations.  The other objects are used to place information in the 
RUSLE2 database.  

Worksheet 
The worksheet object is used to carry out computations for multiple management practices on a 
single hillslope profile or carry out computations for multiple hillslope profiles.  Individual 
worksheets and the information in them can be saved with a name for the worksheet chosen by 
the user. 

Hillslope profile 
The hillslope profile object is used to compute erosion for a single hillslope profile.  Hillslope 
profiles and the information associated with them can be saved with a name chosen by the user.  
A single hillslope profile can be viewed as the erosion computation for a specific overland flow 
path at a particular location on a particular landscape with a particular land use or possible land 
use.  Thus the information associated with a profile includes location, soil, topography, 
management, and supporting practices. 

Climate 
The climate object describes the weather information for the site.  The information in this object 
includes data on annual erosivity, 10 yr EI storm, average monthly temperature, and average 
monthly precipitation.  Information is cataloged in the database according to names of locations. 

Storm erosivity 
Storm erosivity varies through the year depending on location.  The information in the storm 
erosivity object describes how erosivity varies during the year as a function of zones or regions.  
Information is cataloged in the database according to a zone number. 

Soil 
The soil object includes information on soil erodibility, soil texture, hydrologic soil group, and 
rock cover.  Also, this object includes the soil erodibility to compute a value for the soil 
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erodibility factor if one is not available.  Information is cataloged in the database according to a 
soil name, which could be a soil-mapping unit from an NRCS soil survey. 

Management  
The management object contains information on management practices.  Each practice typically 
includes a list of dates and the operations, vegetations, and applied materials like mulch and 
manure associated with each date.  Information is cataloged in the database according to a 
management name chosen by the user. 

Operation 
The operation object contains the information used to describe operations.  A key component of 
the information used to describe an operation is processes including begin growth, kill vegetation, 
flatten standing residue, disturb surface, remove surface cover, and remove live biomass.  
Information is cataloged in the database according to an operation name chosen by the user. 

Vegetation 
The vegetation object contains the information used to describe live vegetation.  This information 
includes a name for the residue to associate with the vegetation and data on yield, the relationship 
of above ground biomass to yield, how the vegetation slow runoff, and temporally varying values 
on root biomass, canopy cover, fall height, and live ground cover.  Information is cataloged in the 
database according to a vegetation name chosen by the user. 

Residue 
The residue object contains the information used to describe residue.  This information includes 
data related to the rate that the residue decomposes on and in the soil and the amount of mass that 
covers a particular portion of the soil surface. Information is cataloged in the database according 
to a residue name assigned by the user. 

Template 
The other choice is a template that controls the amount of information that RUSLE2 displays.  
Templates are customized for particular applications, where increasing amounts of information is 
displayed.  Also, the templates can be customized to use terminology that is common to a 
particular organization or discipline.   

Chose the NRCS Field Office (beginners) template and the profile object when you first begin to 
use RUSLE2.  This template shows the steps of using RUSLE2.  Simply follow the steps to 
compute a soil loss value.  Try changing some of the inputs and notice the change in the 
computed soil loss value. 

Now, switch to the NRCS Field Office (summary) template.  To switch to that template, use the 
icon on the toolbar.  Move the cursor to the load template icon on the tool bar and click.  Select 
the summary template. 

This template uses a set of folders for soil, topography, and management that are opened to enter 
values.  Not only are these folders included input, they also contain output directly associated 
with the variable represented by the folder.  The output in these folders becomes especially 
important when the hillslope profile is divided into segments. 

REFERENCE 1



Soil Map—Nye County, Nevada, Southwest Part
(USEN and Vicinity)

Natural Resources
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Web Soil Survey
National Cooperative Soil Survey
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MAP LEGEND MAP INFORMATION

Area of Interest (AOI)
Area of Interest (AOI)

Soils
Soil Map Unit Polygons

Soil Map Unit Lines

Soil Map Unit Points

Special Point Features
Blowout

Borrow Pit

Clay Spot

Closed Depression

Gravel Pit

Gravelly Spot

Landfill

Lava Flow

Marsh or swamp

Mine or Quarry

Miscellaneous Water

Perennial Water

Rock Outcrop

Saline Spot

Sandy Spot

Severely Eroded Spot

Sinkhole

Slide or Slip

Sodic Spot

Spoil Area

Stony Spot

Very Stony Spot

Wet Spot

Other

Special Line Features

Water Features
Streams and Canals

Transportation
Rails

Interstate Highways

US Routes

Major Roads

Local Roads

Background
Aerial Photography

The soil surveys that comprise your AOI were mapped at 1:24,000.

Please rely on the bar scale on each map sheet for map
measurements.

Source of Map:  Natural Resources Conservation Service
Web Soil Survey URL:  http://websoilsurvey.nrcs.usda.gov
Coordinate System:  Web Mercator (EPSG:3857)

Maps from the Web Soil Survey are based on the Web Mercator
projection, which preserves direction and shape but distorts
distance and area. A projection that preserves area, such as the
Albers equal-area conic projection, should be used if more accurate
calculations of distance or area are required.

This product is generated from the USDA-NRCS certified data as of
the version date(s) listed below.

Soil Survey Area:  Nye County, Nevada, Southwest Part
Survey Area Data:  Version 7, Aug 22, 2014

Soil map units are labeled (as space allows) for map scales 1:50,000
or larger.

Date(s) aerial images were photographed:  Jul 3, 2010—Oct 30,
2011

The orthophoto or other base map on which the soil lines were
compiled and digitized probably differs from the background
imagery displayed on these maps. As a result, some minor shifting
of map unit boundaries may be evident.

Soil Map—Nye County, Nevada, Southwest Part
(USEN and Vicinity)

Natural Resources
Conservation Service

Web Soil Survey
National Cooperative Soil Survey

6/30/2015
Page 2 of 3
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Map Unit Legend

Nye County, Nevada, Southwest Part (NV785)

Map Unit Symbol Map Unit Name Acres in AOI Percent of AOI

2020 Weiser-Canoto association 10.6 0.6%

2053 Yermo-Greyeagle-Arizo
association

286.6 16.0%

2054 Yermo, hot-Yermo-Arizo
association

1,221.7 68.2%

2393 Commski-Yermo association 271.5 15.2%

Totals for Area of Interest 1,790.3 100.0%

Soil Map—Nye County, Nevada, Southwest Part USEN and Vicinity

Natural Resources
Conservation Service

Web Soil Survey
National Cooperative Soil Survey

6/30/2015
Page 3 of 3
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Initial Field Conditions Data
Soil ID NV785-2053-Arizo-15-STV_SL-Nevada-Nye County-Nye County, Nevada, Southwest Part
Taxorder Entisols
Number of soil layers 2
Layer thickness (mm) 200  1320  
Organic matter (kg/kg) 0.002  0.002  
Sand fraction 0.666  0.960  
Silt fraction 0.234  0.015  
Clay fraction 0.100  0.025  
Rock fragments 0.580  0.570  
Sand fraction very coarse 0.045  0.007  
Sand fraction coarse 0.137  0.131  
Sand fraction medium 0.167  0.372  
Sand fraction fine 0.200  0.378  
Sand fraction very fine 0.117  0.072  
Bulk Density (1/3 bar)(Mg/m^3) 1.550  1.550  
Initial Bulk Density (1/3 bar)(Mg/m^3) 1.550  1.550  
Aggregate geometric mean diameter (mm) 1.628  3.852  
Aggregate geometric standard deviation 11.146  14.376  
Maximum aggregate size (mm) 30.938  35.162  
Minimum aggregate size (mm) 0.010  0.010  
Aggregate density (Mg/m^3) 1.800  1.800  
Aggregate stability (ln(J/m^2)) 2.162  1.208  
Dummy 0.010
Crust thickness (mm) 1.800
Crust density (Mg/m^3) 2.16
Crust stability (ln(J/m^2)) 0.00
Crust surface fraction (m^2/m^2) 0.00
Mass of loose material on crust (kg/m^2) 0.00
Fraction of loose material on crust (m^2/m^2) 4.00
Random roughness (mm) 0.00
Ridge orientation (deg) 0.00
Ridge height (mm) 10.00
Spacing between ridge tops (mm) 10.00
Initial soil water content (m^3/m^3) 0.039  0.018  
Saturation soil water content (m^3/m^3) 0.411  0.313  
Field capacity water content (m^3/m^3) 0.055  0.030  
Wilting point water content (m^3/m^3) 0.023  0.007  
Soil CB value (exponent to Campbell's SWRC) 4.907  3.957  
Air entry potential (J/kg) -0.810  -0.423  
Saturated hydraulic conductivity (m/s) 2.8E-5  4.23E-4  
Ridge width (mm) 0.340
Dry soil albedo (fraction) 0.100
Soil PH (0-14) 8.20  8.20  
Calcium carbonate equivalent (CaCO3) 0.03  0.10  
Cation exchange capacity (CEC) (meq/100g) 6.50  1.50  
Linear extensibility 1.500  1.500  
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RUSLE2 Profile Erosion Calculation Record 
Info:    
File:   profiles\New Folder\USEN Profile 

Inputs: 
Location:   USA\Nevada\Nye County\NV_Nye  R 3 
Soil Segments 

Segment Seg length (horiz) Soil 
1 200 Nye SW, NV785\2053 YERMO-GREYEAGLE-ARIZO ASSOCIATION\ARIZO very stony sandy loam 15% 

Slope Segments 
Segment Seg length (horiz) Seg length (along slope) Steepness Vertical drops Sediment delivery, t/ac/yr 

1 200 200 5.0 10 0.23 

Management Segments 

Segment Seg length 
(horiz) 

Seg length (along 
slope) Management Sed. delivery, 

t/ac/yr 

1 200 200 CMZ 31\d.Construction Site Templates\Construction site-
USEN 0.23 

Management Vegetation Yield units # yield units, #/ac 

Contouring:   a. not contoured  
Vegetative Barriers and Filter Strips:   (none)  
Diversions, Terraces, Sediment Basins:   (none) 

Sediment Barrier Set 

Num. Sediment 
barrier type 

Barrier strip 
width 

How 
place? 

Dist. slope top to 
bottom of strip 

Date barrier 
installed 

Op. installing 
barrier 

Date barrier 
removed 

Op. removing 
barrier 

1 (none) 1.0 Bottom 200 1/1/0 (none) 1/3/0 (none) 

Outputs: 
Net K factor:   0.13 US 
Net LS factor:   0.75  
Net C factor:   0.46  
Detachment on slope:   0.23 t/ac/yr 
Sediment delivery:   0.23 t/ac/yr 
Crit. slope length:   200 ft 

Date Operation Vegetation Surf. res. cov. after op, % 
1/1/0 Bulldozer, clearing/cutting 0 
1/2/0 Bulldozer, filling/leveling 0 
1/3/0 Disk, tandem heavy primary op. 0 
1/4/0 Roller, smooth 0 
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RUSLE2 Profile Erosion Calculation Record 
Info:    
File:   profiles\New Folder\USEN Profile 

Inputs: 
Location:   USA\Nevada\Nye County\NV_Nye  R 3 
Soil Segments 

Segment Seg length (horiz) Soil 
1 100 Nye SW, NV785\2053 YERMO-GREYEAGLE-ARIZO ASSOCIATION\ARIZO very stony sandy loam 15% 

Slope Segments 
Segment Seg length (horiz) Seg length (along slope) Steepness Vertical drops Sediment delivery, t/ac/yr 

1 100 110 33 33 1.9 

Management Segments 

Segment Seg length 
(horiz) 

Seg length (along 
slope) Management Sed. delivery, 

t/ac/yr 

1 100 110 CMZ 31\d.Construction Site Templates\Construction site-
USEN 1.9 

Management Vegetation Yield units # yield units, #/ac 

Contouring:   a. not contoured  
Vegetative Barriers and Filter Strips:   (none)  
Diversions, Terraces, Sediment Basins:   (none) 

Sediment Barrier Set 

Num. Sediment 
barrier type 

Barrier strip 
width 

How 
place? 

Dist. slope top to 
bottom of strip 

Date barrier 
installed 

Op. installing 
barrier 

Date barrier 
removed 

Op. removing 
barrier 

1 (none) 1.0 Bottom 100 1/1/0 (none) 1/3/0 (none) 

Outputs: 
Net K factor:   0.13 US 
Net LS factor:   5.6  
Net C factor:   0.46  
Detachment on slope:   1.9 t/ac/yr 
Sediment delivery:   1.9 t/ac/yr 

Crit. slope length:   100 ft 
Date Operation Vegetation Surf. res. cov. after op, % 
1/1/0 Bulldozer, clearing/cutting 0 
1/2/0 Bulldozer, filling/leveling 0 
1/3/0 Disk, tandem heavy primary op. 0 
1/4/0 Roller, smooth 0 
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NOAA Atlas 14, Volume 1, Version 5 
AMARGOSA FARMS GAREY

Station ID: 26-0150 
Location name: Amargosa Valley, Nevada, US* 

Latitude: 36.5717°, Longitude: -116.4619° 
Elevation: 

Elevation (station metadata): 2450 ft* 
* source: Google Maps

POINT PRECIPITATION FREQUENCY ESTIMATES

Sanja Perica, Sarah Dietz, Sarah Heim, Lillian Hiner, Kazungu Maitaria, Deborah Martin, Sandra 
Pavlovic, Ishani Roy, Carl Trypaluk, Dale Unruh, Fenglin Yan, Michael Yekta, Tan Zhao, Geoffrey 

Bonnin, Daniel Brewer, Li-Chuan Chen, Tye Parzybok, John Yarchoan

NOAA, National Weather Service, Silver Spring, Maryland

PF_tabular | PF_graphical | Maps_&_aerials

PF tabular
PDS-based point precipitation frequency estimates with 90% confidence intervals (in inches)1

Duration
Average recurrence interval (years)

1 2 5 10 25 50 100 200 500 1000

5-min 0.108
(0.072-0.109)

0.140
(0.097-0.147)

0.196
(0.148-0.223)

0.244
(0.190-0.289)

0.319
(0.257-0.396)

0.384
(0.312-0.490)

0.459
(0.376-0.606)

0.543
(0.446-0.746)

0.677
(0.557-0.976)

0.795
(0.653-1.20)

10-min 0.165
(0.109-0.166)

0.213
(0.148-0.224)

0.298
(0.225-0.339)

0.372
(0.288-0.439)

0.485
(0.391-0.602)

0.584
(0.474-0.746)

0.699
(0.572-0.923)

0.827
(0.679-1.14)

1.03
(0.848-1.49)

1.21
(0.995-1.82)

15-min 0.205
(0.136-0.206)

0.265
(0.183-0.277)

0.370
(0.279-0.421)

0.461
(0.358-0.545)

0.602
(0.484-0.746)

0.724
(0.588-0.925)

0.866
(0.709-1.14)

1.03
(0.841-1.41)

1.28
(1.05-1.84)

1.50
(1.23-2.26)

30-min 0.276
(0.183-0.278)

0.356
(0.246-0.373)

0.498
(0.376-0.566)

0.621
(0.482-0.734)

0.810
(0.652-1.01)

0.974
(0.792-1.25)

1.17
(0.955-1.54)

1.38
(1.13-1.90)

1.72
(1.42-2.48)

2.02
(1.66-3.04)

60-min 0.341
(0.226-0.344)

0.441
(0.305-0.462)

0.616
(0.465-0.701)

0.768
(0.596-0.908)

1.00
(0.807-1.24)

1.21
(0.980-1.54)

1.44
(1.18-1.91)

1.71
(1.40-2.35)

2.13
(1.75-3.07)

2.50
(2.06-3.76)

2-hr 0.326
(0.275-0.396)

0.438
(0.370-0.538)

0.657
(0.545-0.801)

0.843
(0.694-1.04)

1.15
(0.924-1.41)

1.42
(1.13-1.73)

1.73
(1.36-2.15)

2.11
(1.61-2.63)

2.71
(2.01-3.41)

3.25
(2.34-4.14)

3-hr 0.375
(0.314-0.446)

0.503
(0.426-0.605)

0.728
(0.617-0.881)

0.923
(0.774-1.11)

1.24
(1.02-1.49)

1.51
(1.22-1.82)

1.83
(1.46-2.22)

2.20
(1.73-2.70)

2.80
(2.13-3.49)

3.35
(2.48-4.21)

6-hr 0.469
(0.399-0.558)

0.628
(0.540-0.746)

0.910
(0.778-1.08)

1.15
(0.970-1.35)

1.49
(1.25-1.76)

1.79
(1.48-2.11)

2.14
(1.74-2.54)

2.53
(2.02-3.03)

3.16
(2.47-3.82)

3.72
(2.85-4.55)

12-hr 0.591
(0.502-0.678)

0.785
(0.677-0.917)

1.15
(0.987-1.33)

1.43
(1.23-1.66)

1.84
(1.57-2.13)

2.17
(1.83-2.52)

2.54
(2.12-2.96)

2.94
(2.41-3.45)

3.52
(2.83-4.17)

4.07
(3.23-4.89)

24-hr 0.694
(0.580-0.836)

0.944
(0.787-1.12)

1.39
(1.15-1.66)

1.75
(1.43-2.08)

2.26
(1.83-2.68)

2.68
(2.15-3.17)

3.13
(2.48-3.74)

3.63
(2.82-4.34)

4.35
(3.29-5.24)

4.95
(3.66-6.02)

2-day 0.766
(0.647-0.914)

1.04
(0.877-1.23)

1.54
(1.30-1.82)

1.94
(1.62-2.28)

2.50
(2.07-2.90)

2.97
(2.42-3.45)

3.47
(2.79-4.05)

4.02
(3.14-4.74)

4.81
(3.65-5.77)

5.47
(4.05-6.68)

3-day 0.791
(0.670-0.943)

1.08
(0.909-1.27)

1.60
(1.35-1.88)

2.01
(1.69-2.36)

2.60
(2.15-3.02)

3.09
(2.52-3.59)

3.63
(2.90-4.24)

4.21
(3.29-4.98)

5.06
(3.84-6.09)

5.76
(4.27-7.05)

4-day 0.816
(0.694-0.973)

1.11
(0.941-1.31)

1.65
(1.40-1.93)

2.08
(1.75-2.43)

2.70
(2.24-3.14)

3.22
(2.62-3.73)

3.79
(3.02-4.42)

4.40
(3.45-5.22)

5.30
(4.03-6.40)

6.06
(4.48-7.43)

7-day 0.887
(0.750-1.05)

1.21
(1.03-1.44)

1.83
(1.55-2.14)

2.31
(1.93-2.70)

2.99
(2.47-3.49)

3.56
(2.90-4.15)

4.17
(3.33-4.89)

4.84
(3.79-5.76)

5.80
(4.43-7.03)

6.60
(4.92-8.11)

10-day 0.965
(0.797-1.17)

1.32
(1.10-1.59)

1.99
(1.66-2.37)

2.51
(2.08-2.98)

3.25
(2.65-3.85)

3.86
(3.10-4.61)

4.52
(3.59-5.43)

5.24
(4.08-6.35)

6.27
(4.74-7.73)

7.13
(5.27-8.92)

20-day 1.15
(0.950-1.38)

1.57
(1.31-1.88)

2.35
(1.96-2.79)

2.95
(2.45-3.49)

3.79
(3.13-4.48)

4.48
(3.62-5.31)

5.21
(4.15-6.23)

6.00
(4.70-7.24)

7.11
(5.42-8.72)

8.02
(5.96-9.99)

30-day 1.32
(1.08-1.58)

1.81
(1.48-2.16)

2.72
(2.23-3.23)

3.41
(2.79-4.05)

4.39
(3.56-5.19)

5.17
(4.17-6.14)

6.00
(4.80-7.14)

6.89
(5.42-8.28)

8.14
(6.27-9.95)

9.16
(6.93-11.3)

45-day 1.45
(1.18-1.75)

2.00
(1.63-2.41)

3.07
(2.51-3.67)

3.90
(3.18-4.65)

5.08
(4.08-6.04)

6.03
(4.83-7.20)

7.07
(5.59-8.49)

8.18
(6.38-9.93)

9.78
(7.42-12.1)

11.1
(8.26-13.8)

60-day 1.61
(1.30-1.97)

2.24
(1.81-2.74)

3.48
(2.82-4.20)

4.45
(3.59-5.34)

5.84
(4.65-6.98)

7.00
(5.54-8.39)

8.26
(6.47-9.98)

9.63
(7.42-11.7)

11.6
(8.69-14.3)

13.3
(9.75-16.6)

1 Precipitation frequency (PF) estimates in this table are based on frequency analysis of partial duration series (PDS).
Numbers in parenthesis are PF estimates at lower and upper bounds of the 90% confidence interval. The probability that precipitation frequency estimates (for a 
given duration and average recurrence interval) will be greater than the upper bound (or less than the lower bound) is 5%. Estimates at upper bounds are not 
checked against probable maximum precipitation (PMP) estimates and may be higher than currently valid PMP values.
Please refer to NOAA Atlas 14 document for more information.

Back to Top

PF graphical

Page 1 of 3Precipitation Frequency Data Server

7/25/2014http://hdsc.nws.noaa.gov/hdsc/pfds/pfds_printpage.html?st=nv&sta=26-0150&data=depth...
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Maps & aerials

Small scale terrain

Large scale terrain

M ap data © 2014 Google, INEGIReport a m ap error50 km

Page 2 of 3Precipitation Frequency Data Server

7/25/2014http://hdsc.nws.noaa.gov/hdsc/pfds/pfds_printpage.html?st=nv&sta=26-0150&data=depth...
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Large scale aerial

Back to Top

US Department of Commerce
National Oceanic and Atmospheric Administration

National Weather Service
Office of Hydrologic Development

1325 East West Highway
Silver Spring, MD 20910

Questions?: HDSC.Questions@noaa.gov

Disclaimer

M ap data © 2014 GoogleReport a m ap error2 km  

Im agery © 2014 TerraM etricsReport a m ap error2 km

Page 3 of 3Precipitation Frequency Data Server

7/25/2014http://hdsc.nws.noaa.gov/hdsc/pfds/pfds_printpage.html?st=nv&sta=26-0150&data=depth...
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245'

495'

80'

100'

406'

421'

601' 421'

209'
296'

299'

444'

512'

90'

200'

200'

80'

296' 245'

100'

393' 245'

50'

252'

200'

200'

80'

100'

245' 216'

50'

245' 216'

296'245'

393'

245'216'

245'216'

BASIN FC-NW-1: 0.93 Ac BASIN FC-NW-2: 0.86 Ac

BASIN FC-NW-3 1.35 Ac

BASIN FC-NW-5 1.55 Ac

BASIN FC-NW-4: 1.03 Ac BASIN FC-NE-4: 1.03 Ac BASIN FC-NE-3: 1.35 Ac

BASIN FC-NE-1: 0.93 AcBASIN FC-NE-2: 0.86 Ac

BASIN FC-NE-5: 1.55 Ac

OUTFALL FC-NE

BASIN FC-NW-6 0.87 Ac BASIN FC-NE-6: 0.87 Ac

252'

CLIENT:

LOCATION:

PROJECT NUMBER:

DATE:

DRAWN BY:

US ECOLOGY

BEATTY, NV

143418

3/4/16

CWK

TRENCH 13 FINAL COVER

BASIN IDENTIFICATION

REFERENCE 9



REFERENCE 9



                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:                                         Units:       English
SubTitle: OUTFALL FC-NW                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-NW-1                                FLUME NW-A      0.93        63    0.1       
FC-NW-2                                FLUME NW-A      0.86        63    0.1       
FC-NW-3                                FLUME NW-B      1.35        63    0.1       
FC-NW-4                                FLUME NW-B      1.03        63    0.1       
FC-NW-5                                Outlet          1.55        63    0.1       
FC-NW-6                                Outlet          0.87        63    0.1       

Total area: 6.59 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-NW-1          .00       .00      0.13      0.58

FC-NW-2          .00       .00      0.12      0.54

FC-NW-3          .00       .00      0.19      0.84

FC-NW-4          .00       .00      0.14      0.64

FC-NW-5          .00       .00      0.22      0.97

FC-NW-6          .00       .00      0.12      0.54

REACHES
FLUME NW-B       .00       .00      0.58      2.60
    Down         .00       .00      0.58      2.60

FLUME NW-A       .00       .00      0.25      1.12
    Down         .00       .00      0.25      1.12

OUTLET           .00       .00      0.92      4.11

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-NW-1          .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-NW-2          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

FC-NW-3          .00       .00      0.19      0.84
             n/a       n/a     12.04     12.02

FC-NW-4          .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-NW-5          .00       .00      0.22      0.97
             n/a       n/a     12.04     12.02

FC-NW-6          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

REACHES
FLUME NW-B       .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02

FLUME NW-A       .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      0.92      4.11

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-NW-1           .93     0.100        63     FLUME NW-A                         
FC-NW-2           .86     0.100        63     FLUME NW-A                         
FC-NW-3          1.35     0.100        63     FLUME NW-B                         
FC-NW-4          1.03     0.100        63     FLUME NW-B                         
FC-NW-5          1.55     0.100        63     Outlet                             
FC-NW-6           .87     0.100        63     Outlet                             

Total Area:   6.59 (ac)

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME NW-B     Outlet        80         CHANNEL
  FLUME NW-A     FLUME NW-B    100        CHANNEL

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-NW-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        495   0.0200     0.023     10.00     10.79     8.594      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        610   0.0200     0.023     10.00     10.79     8.918      0.019

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-NW-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-NW-1   Desert shrub                        (poor)    A           .93       63 

          Total Area / Weighted Curve Number                        .93       63 
                                                                    ===       ==

FC-NW-2   Desert shrub                        (poor)    A           .86       63 

          Total Area / Weighted Curve Number                        .86       63 
                                                                    ===       ==

FC-NW-3   Desert shrub                        (poor)    A          1.35       63 

          Total Area / Weighted Curve Number                       1.35       63 
                                                                   ====       ==

FC-NW-4   Desert shrub                        (poor)    A          1.03       63 

          Total Area / Weighted Curve Number                       1.03       63 
                                                                   ====       ==

FC-NW-5   Desert shrub                        (poor)    A          1.55       63 

          Total Area / Weighted Curve Number                       1.55       63 
                                                                   ====       ==

FC-NW-6   Desert shrub                        (poor)    A           .87       63 

          Total Area / Weighted Curve Number                        .87       63 
                                                                    ===       ==

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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CWK                                    
                                 OUTFALL FC-NW
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME NW-B     80          0.036          0.33            4          2 :1
  FLUME NW-A     100         0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME NW-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME NW-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:45 AM 
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:                                         Units:       English
SubTitle: OUTFALL FC-NE                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-NE-1                                FLUME NE-A      0.93        63    0.1       
FC-NE-2                                FLUME NE-A      0.86        63    0.1       
FC-NE-3                                FLUME NE-B      1.35        63    0.1       
FC-NE-4                                FLUME NE-B      1.03        63    0.1       
FC-NE-5                                Outlet          1.55        63    0.1       
FC-NE-6                                Outlet          0.87        63    0.1       

Total area: 6.59 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:01 AM 
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:05:01 AM 
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-NE-1          .00       .00      0.13      0.58

FC-NE-2          .00       .00      0.12      0.54

FC-NE-3          .00       .00      0.19      0.84

FC-NE-4          .00       .00      0.14      0.64

FC-NE-5          .00       .00      0.22      0.97

FC-NE-6          .00       .00      0.12      0.54

REACHES
FLUME NE-B       .00       .00      0.58      2.60
    Down         .00       .00      0.58      2.60

FLUME NE-A       .00       .00      0.25      1.12
    Down         .00       .00      0.25      1.12

OUTLET           .00       .00      0.92      4.11
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-NE-1          .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-NE-2          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

FC-NE-3          .00       .00      0.19      0.84
             n/a       n/a     12.04     12.02

FC-NE-4          .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-NE-5          .00       .00      0.22      0.97
             n/a       n/a     12.04     12.02

FC-NE-6          .00       .00      0.12      0.54
             n/a       n/a     12.04     12.02

REACHES
FLUME NE-B       .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.58      2.60
             n/a       n/a     12.04     12.02

FLUME NE-A       .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.25      1.12
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      0.92      4.11
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-NE-1           .93     0.100        63     FLUME NE-A                         
FC-NE-2           .86     0.100        63     FLUME NE-A                         
FC-NE-3          1.35     0.100        63     FLUME NE-B                         
FC-NE-4          1.03     0.100        63     FLUME NE-B                         
FC-NE-5          1.55     0.100        63     Outlet                             
FC-NE-6           .87     0.100        63     Outlet                             

Total Area:   6.59 (ac)
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME NE-B     Outlet        80         CHANNEL
  FLUME NE-A     FLUME NE-B    100        CHANNEL
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-NE-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        495   0.0200     0.023     10.00     10.79     8.594      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        610   0.0200     0.023     10.00     10.79     8.918      0.019

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        421   0.0200     0.023     10.00     10.79     8.996      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-NE-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-NE-1   Desert shrub                        (poor)    A           .93       63 

          Total Area / Weighted Curve Number                        .93       63 
                                                                    ===       ==

FC-NE-2   Desert shrub                        (poor)    A           .86       63 

          Total Area / Weighted Curve Number                        .86       63 
                                                                    ===       ==

FC-NE-3   Desert shrub                        (poor)    A          1.35       63 

          Total Area / Weighted Curve Number                       1.35       63 
                                                                   ====       ==

FC-NE-4   Desert shrub                        (poor)    A          1.03       63 

          Total Area / Weighted Curve Number                       1.03       63 
                                                                   ====       ==

FC-NE-5   Desert shrub                        (poor)    A          1.55       63 

          Total Area / Weighted Curve Number                       1.55       63 
                                                                   ====       ==

FC-NE-6   Desert shrub                        (poor)    A           .87       63 

          Total Area / Weighted Curve Number                        .87       63 
                                                                    ===       ==
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CWK                                    
                                 OUTFALL FC-NE
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME NE-B     80          0.036          0.33            4          2 :1
  FLUME NE-A     100         0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME NE-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME NE-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-E-A                         Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-E1                                  UpperDitch      0.98        63    0.1       
FC-E2                                  LowerDitch      0.92        63    0.1       
FC-E3                                  Outlet          0.49        63    0.1       

Total area: 2.39 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-E1            .00       .00      0.14      0.61

FC-E2            .00       .00      0.13      0.58

FC-E3            .00       .00      0.07      0.31

REACHES
LowerDitch       .00       .00      0.26      1.18
    Down         .00       .00      0.26      1.18

UpperDitch       .00       .00      0.14      0.61
    Down         .00       .00      0.14      0.61

OUTLET           .00       .00      0.33      1.48
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-E1            .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02

FC-E2            .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-E3            .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

REACHES
LowerDitch       .00       .00      0.26      1.18
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.26      1.18
             n/a       n/a     12.00     12.04

UpperDitch       .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.14      0.61
             n/a       n/a     11.99     12.03

OUTLET           .00       .00      0.33      1.48
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-E1             .98     0.100        63     UpperDitch                         
FC-E2             .92     0.100        63     LowerDitch                         
FC-E3             .49     0.100        63     Outlet                             

Total Area:   2.39 (ac)
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  LowerDitch     Outlet        296        CHANNEL
  UpperDitch     LowerDitch    299        CHANNEL
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-E1     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        406   0.0200     0.023     10.00     10.79     8.675      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-E2     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        209   0.0200     0.023     10.00     10.79     8.294      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-E3     
  SHEET          100   0.3330     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-E1     Desert shrub                        (poor)    A           .98       63 

          Total Area / Weighted Curve Number                        .98       63 
                                                                    ===       ==

FC-E2     Desert shrub                        (poor)    A           .92       63 

          Total Area / Weighted Curve Number                        .92       63 
                                                                    ===       ==

FC-E3     Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                OUTFALL FC-E-A
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  LowerDitch     296         0.036          0.1             0.3        2 :1
  UpperDitch     299         0.036          0.1             0.3        2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  LowerDitch    0.0         0.000           0          0.3       0.1 
                0.5         3.250         0.6          2.3
                1.0        17.917         2.3          4.3
                2.0       105.294         8.5          8.3
                5.0      1154.331        51.3         20.3
               10.0      7207.766       202.5         40.3
               20.0     45380.713         805         80.3

  UpperDitch    0.0         0.000           0          0.3       0.1 
                0.5         3.250         0.6          2.3
                1.0        17.917         2.3          4.3
                2.0       105.294         8.5          8.3
                5.0      1154.331        51.3         20.3
               10.0      7207.766       202.5         40.3
               20.0     45380.713         805         80.3
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: FC-E-B                                 Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-E4                                  FLUME EAST      0.67        63    0.1       
FC-E5                                  Outlet          1.02        63    0.1       
FC-E6                                  Outlet          0.62        63    0.1       
FC-E7                                  Outlet          0.38        63    0.1       

Total area: 2.69 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-E4            .00       .00      0.09      0.42

FC-E5            .00       .00      0.14      0.64

FC-E6            .00       .00      0.09      0.39

FC-E7            .00       .00      0.05      0.24

REACHES
FLUME EAST       .00       .00      0.09      0.42
    Down         .00       .00      0.09      0.42

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-E4            .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02

FC-E5            .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-E6            .00       .00      0.09      0.39
             n/a       n/a     12.04     12.02

FC-E7            .00       .00      0.05      0.24
             n/a       n/a     12.04     12.02

REACHES
FLUME EAST       .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.09      0.42
             n/a       n/a     11.99     12.02

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-E4             .67     0.100        63     FLUME EAST                         
FC-E5            1.02     0.100        63     Outlet                             
FC-E6             .62     0.100        63     Outlet                             
FC-E7             .38     0.100        63     Outlet                             

Total Area:   2.69 (ac)
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME EAST     Outlet        90         CHANNEL
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-E4     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        444   0.0200     0.023     10.00     10.79     8.810      0.014

                                                 Time of Concentration       0.1
                                                                        ========

FC-E5     
  SHEET          100   0.3330     0.011                                    0.012
  CHANNEL        512   0.0200     0.023     10.00     10.79     8.889      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-E6     
  SHEET           90   0.3330     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========

FC-E7     
  SHEET           90   0.3300     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-E4     Desert shrub                        (poor)    A           .67       63 

          Total Area / Weighted Curve Number                        .67       63 
                                                                    ===       ==

FC-E5     Desert shrub                        (poor)    A          1.02       63 

          Total Area / Weighted Curve Number                       1.02       63 
                                                                   ====       ==

FC-E6     Desert shrub                        (poor)    A           .62       63 

          Total Area / Weighted Curve Number                        .62       63 
                                                                    ===       ==

FC-E7     Desert shrub                        (poor)    A           .38       63 

          Total Area / Weighted Curve Number                        .38       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                    FC-E-B
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME EAST     90          0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME EAST    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: Outfall FC-SE                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SE-1                                FLUME SE-B      0.59        63    0.1       
FC-SE-2                                FLUME SE-B      0.55        63    0.1       
FC-SE-3                                FLUME SE-A      0.83        63    0.1       
FC-SE-4                                FLUME SE-A      0.59        63    0.1       
FC-SE-5                                Outlet          0.53        63    0.1       
FC-SE-6                                Outlet          0.3         63    0.1       
FC-UDE-3                               FLUME SE-C      2.01        63    0.1       
FC-UDE-2                               FLUME SE-D      1.88        63    0.1       
FC-UDE-1                               FLUME SE-E      0.8         63    0.1       

Total area: 8.08 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:08:16 AM 

REFERENCE 10



CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SE-1          .00       .00      0.08      0.37

FC-SE-2          .00       .00      0.08      0.34

FC-SE-3          .00       .00      0.12      0.52

FC-SE-4          .00       .00      0.08      0.37

FC-SE-5          .00       .00      0.07      0.33

FC-SE-6          .00       .00       .00      0.19

FC-UDE-3         .00       .00      0.28      1.26

FC-UDE-2         .00       .00      0.26      1.18

FC-UDE-1         .00       .00      0.11      0.50

REACHES
FLUME SE-A       .00       .00      1.01      4.52
    Down         .00       .00      1.01      4.52

FLUME SE-B       .00       .00      0.81      3.63
    Down         .00       .00      0.81      3.63

FLUME SE-C       .00       .00      0.66      2.92
    Down         .00       .00      0.66      2.92

FLUME SE-D       .00       .00      0.38      1.67
    Down         .00       .00      0.38      1.67

FLUME SE-E       .00       .00      0.11      0.50
    Down         .00       .00      0.11      0.50

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SE-1          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SE-2          .00       .00      0.08      0.34
             n/a       n/a     12.04     12.02

FC-SE-3          .00       .00      0.12      0.52
             n/a       n/a     12.04     12.02

FC-SE-4          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SE-5          .00       .00      0.07      0.33
             n/a       n/a     12.04     12.02

FC-SE-6          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-UDE-3         .00       .00      0.28      1.26
             n/a       n/a     12.04     12.02

FC-UDE-2         .00       .00      0.26      1.18
             n/a       n/a     12.04     12.02

FC-UDE-1         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

REACHES
FLUME SE-A       .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02

FLUME SE-B       .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02

FLUME SE-C       .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02

FLUME SE-D       .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02

FLUME SE-E       .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SE-1           .59     0.100        63     FLUME SE-B                         
FC-SE-2           .55     0.100        63     FLUME SE-B                         
FC-SE-3           .83     0.100        63     FLUME SE-A                         
FC-SE-4           .59     0.100        63     FLUME SE-A                         
FC-SE-5           .53     0.100        63     Outlet                             
FC-SE-6           .30     0.100        63     Outlet                             
FC-UDE-3         2.01     0.100        63     FLUME SE-C                         
FC-UDE-2         1.88     0.100        63     FLUME SE-D                         
FC-UDE-1          .80     0.100        63     FLUME SE-E                         

Total Area:   8.08 (ac)
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SE-A     Outlet        50         CHANNEL
  FLUME SE-B     FLUME SE-A    100        CHANNEL
  FLUME SE-C     FLUME SE-B    80         CHANNEL
  FLUME SE-D     FLUME SE-C    200        CHANNEL
  FLUME SE-E     FLUME SE-D    200        CHANNEL
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SE-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        296   0.0200     0.023     10.00     10.79     9.136      0.009

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        393   0.0200     0.023     10.00     10.79     8.397      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SE-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDE-3  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDE-2  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDE-1  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SE-1   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SE-2   Desert shrub                        (poor)    A           .55       63 

          Total Area / Weighted Curve Number                        .55       63 
                                                                    ===       ==

FC-SE-3   Desert shrub                        (poor)    A           .83       63 

          Total Area / Weighted Curve Number                        .83       63 
                                                                    ===       ==

FC-SE-4   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SE-5   Desert shrub                        (poor)    A           .53       63 

          Total Area / Weighted Curve Number                        .53       63 
                                                                    ===       ==

FC-SE-6   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-UDE-3  Desert shrub                        (poor)    A          2.01       63 

          Total Area / Weighted Curve Number                       2.01       63 
                                                                   ====       ==

FC-UDE-2  Desert shrub                        (poor)    A          1.88       63 

          Total Area / Weighted Curve Number                       1.88       63 
                                                                   ====       ==

FC-UDE-1  Desert shrub                        (poor)    A            .8       63 

          Total Area / Weighted Curve Number                         .8       63 
                                                                     ==       ==
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CWK                            T13 Final Cover
                                 Outfall FC-SE
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SE-A     50          0.036          0.33            4          2 :1
  FLUME SE-B     100         0.036          0.33            4          2 :1
  FLUME SE-C     80          0.036          0.33            4          2 :1
  FLUME SE-D     200         0.023          0.05            4          2 :1
  FLUME SE-E     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SE-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SE-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SE-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SE-D    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SE-E    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-SB                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SB-1                                FLUME SB-D      0.56        63    0.1       
FC-SB-2                                FLUME SB-D      0.49        63    0.1       
FC-SB-3                                FLUME SB-E      0.59        63    0.1       
FC-SB-4                                FLUME SB-E      0.51        63    0.1       
FC-SB-5                                Outlet          0.3         63    0.1       
FC-SB-6                                Outlet          0.27        63    0.1       
FC-UD-ME-3                             FLUME SB-C      2.11        63    0.1       
FC-UD-ME-2                             FLUME SB-B      2.11        63    0.1       
FC-UD-ME-1                             FLUME SB-A      0.94        63    0.1       

Total area: 7.88 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>

WinTR-55, Version 1.00.10 Page  1 3/7/2016 10:07:28 AM 

REFERENCE 10



CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SB-1          .00       .00      0.08      0.35

FC-SB-2          .00       .00      0.07      0.31

FC-SB-3          .00       .00      0.08      0.37

FC-SB-4          .00       .00      0.07      0.32

FC-SB-5          .00       .00       .00      0.19

FC-SB-6          .00       .00       .00      0.17

FC-UD-ME-3       .00       .00      0.30      1.32

FC-UD-ME-2       .00       .00      0.30      1.32

FC-UD-ME-1       .00       .00      0.13      0.59

REACHES
FLUME SB-E       .00       .00      1.02      4.56
    Down         .00       .00      1.02      4.56

FLUME SB-D       .00       .00      0.87      3.88
    Down         .00       .00      0.87      3.88

FLUME SB-C       .00       .00      0.72      3.22
    Down         .00       .00      0.72      3.22

FLUME SB-B       .00       .00      0.43      1.91
    Down         .00       .00      0.43      1.90

FLUME SB-A       .00       .00      0.13      0.59
    Down         .00       .00      0.13      0.59

OUTLET           .00       .00      1.02      4.91
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SB-1          .00       .00      0.08      0.35
             n/a       n/a     12.04     12.02

FC-SB-2          .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

FC-SB-3          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SB-4          .00       .00      0.07      0.32
             n/a       n/a     12.04     12.02

FC-SB-5          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-SB-6          .00       .00       .00      0.17
             n/a       n/a       n/a     12.02

FC-UD-ME-3       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-ME-2       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-ME-1       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

REACHES
FLUME SB-E       .00       .00      1.02      4.56
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.02      4.56
             n/a       n/a     12.03     12.02

FLUME SB-D       .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02

FLUME SB-C       .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02

FLUME SB-B       .00       .00      0.43      1.91
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.43      1.90
             n/a       n/a     12.04     12.02

FLUME SB-A       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.02      4.91
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SB-1           .56     0.100        63     FLUME SB-D                         
FC-SB-2           .49     0.100        63     FLUME SB-D                         
FC-SB-3           .59     0.100        63     FLUME SB-E                         
FC-SB-4           .51     0.100        63     FLUME SB-E                         
FC-SB-5           .30     0.100        63     Outlet                             
FC-SB-6           .27     0.100        63     Outlet                             
FC-UD-ME-3       2.11     0.100        63     FLUME SB-C                         
FC-UD-ME-2       2.11     0.100        63     FLUME SB-B                         
FC-UD-ME-1        .94     0.100        63     FLUME SB-A                         

Total Area:   7.88 (ac)
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SB-E     Outlet        50         CHANNEL
  FLUME SB-D     FLUME SB-E    100        CHANNEL
  FLUME SB-C     FLUME SB-D    80         CHANNEL
  FLUME SB-B     FLUME SB-C    200        CHANNEL
  FLUME SB-A     FLUME SB-B    200        CHANNEL
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SB-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SB-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-ME-3
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-ME-2
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-ME-1
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SB-1   Desert shrub                        (poor)    A           .56       63 

          Total Area / Weighted Curve Number                        .56       63 
                                                                    ===       ==

FC-SB-2   Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==

FC-SB-3   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SB-4   Desert shrub                        (poor)    A           .51       63 

          Total Area / Weighted Curve Number                        .51       63 
                                                                    ===       ==

FC-SB-5   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-SB-6   Desert shrub                        (poor)    A           .27       63 

          Total Area / Weighted Curve Number                        .27       63 
                                                                    ===       ==

FC-UD-ME-3Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-ME-2Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-ME-1Desert shrub                        (poor)    A           .94       63 

          Total Area / Weighted Curve Number                        .94       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                 OUTFALL FC-SB
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SB-E     50          0.036          0.33            4          2 :1
  FLUME SB-D     100         0.036          0.33            4          2 :1
  FLUME SB-C     80          0.036          0.33            4          2 :1
  FLUME SB-B     200         0.023          0.05            4          2 :1
  FLUME SB-A     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SB-E    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SB-D    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SB-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SB-B    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SB-A    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-SA                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SA-1                                FLUME SA-D      0.56        63    0.1       
FC-SA-2                                FLUME SA-D      0.49        63    0.1       
FC-SA-3                                FLUME SA-E      0.59        63    0.1       
FC-SA-4                                FLUME SA-E      0.51        63    0.1       
FC-SA-5                                Outlet          0.3         63    0.1       
FC-SA-6                                Outlet          0.27        63    0.1       
FC-UD-MW-3                             FLUME SA-C      2.11        63    0.1       
FC-UD-MW-2                             FLUME SA-B      2.11        63    0.1       
FC-UD-MW-1                             FLUME SA-A      0.94        63    0.1       

Total area: 7.88 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SA-1          .00       .00      0.08      0.35

FC-SA-2          .00       .00      0.07      0.31

FC-SA-3          .00       .00      0.08      0.37

FC-SA-4          .00       .00      0.07      0.32

FC-SA-5          .00       .00       .00      0.19

FC-SA-6          .00       .00       .00      0.17

FC-UD-MW-3       .00       .00      0.30      1.32

FC-UD-MW-2       .00       .00      0.30      1.32

FC-UD-MW-1       .00       .00      0.13      0.59

REACHES
FLUME SA-E       .00       .00      1.02      4.56
    Down         .00       .00      1.02      4.56

FLUME SA-D       .00       .00      0.87      3.88
    Down         .00       .00      0.87      3.88

FLUME SA-C       .00       .00      0.72      3.22
    Down         .00       .00      0.72      3.22

FLUME SA-B       .00       .00      0.43      1.91
    Down         .00       .00      0.43      1.90

FLUME SA-A       .00       .00      0.13      0.59
    Down         .00       .00      0.13      0.59

OUTLET           .00       .00      1.02      4.91
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SA-1          .00       .00      0.08      0.35
             n/a       n/a     12.04     12.02

FC-SA-2          .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

FC-SA-3          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SA-4          .00       .00      0.07      0.32
             n/a       n/a     12.04     12.02

FC-SA-5          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-SA-6          .00       .00       .00      0.17
             n/a       n/a       n/a     12.02

FC-UD-MW-3       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-MW-2       .00       .00      0.30      1.32
             n/a       n/a     12.04     12.02

FC-UD-MW-1       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

REACHES
FLUME SA-E       .00       .00      1.02      4.56
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.02      4.56
             n/a       n/a     12.03     12.02

FLUME SA-D       .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.87      3.88
             n/a       n/a     12.04     12.02

FLUME SA-C       .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.72      3.22
             n/a       n/a     12.04     12.02

FLUME SA-B       .00       .00      0.43      1.91
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.43      1.90
             n/a       n/a     12.04     12.02

FLUME SA-A       .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.13      0.59
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.02      4.91
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SA-1           .56     0.100        63     FLUME SA-D                         
FC-SA-2           .49     0.100        63     FLUME SA-D                         
FC-SA-3           .59     0.100        63     FLUME SA-E                         
FC-SA-4           .51     0.100        63     FLUME SA-E                         
FC-SA-5           .30     0.100        63     Outlet                             
FC-SA-6           .27     0.100        63     Outlet                             
FC-UD-MW-3       2.11     0.100        63     FLUME SA-C                         
FC-UD-MW-2       2.11     0.100        63     FLUME SA-B                         
FC-UD-MW-1        .94     0.100        63     FLUME SA-A                         

Total Area:   7.88 (ac)
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SA-E     Outlet        50         CHANNEL
  FLUME SA-D     FLUME SA-E    100        CHANNEL
  FLUME SA-C     FLUME SA-D    80         CHANNEL
  FLUME SA-B     FLUME SA-C    200        CHANNEL
  FLUME SA-A     FLUME SA-B    200        CHANNEL
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SA-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        216   0.0200     0.023     10.00     10.79     8.571      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SA-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-MW-3
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-MW-2
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UD-MW-1
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SA-1   Desert shrub                        (poor)    A           .56       63 

          Total Area / Weighted Curve Number                        .56       63 
                                                                    ===       ==

FC-SA-2   Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==

FC-SA-3   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SA-4   Desert shrub                        (poor)    A           .51       63 

          Total Area / Weighted Curve Number                        .51       63 
                                                                    ===       ==

FC-SA-5   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-SA-6   Desert shrub                        (poor)    A           .27       63 

          Total Area / Weighted Curve Number                        .27       63 
                                                                    ===       ==

FC-UD-MW-3Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-MW-2Desert shrub                        (poor)    A          2.11       63 

          Total Area / Weighted Curve Number                       2.11       63 
                                                                   ====       ==

FC-UD-MW-1Desert shrub                        (poor)    A           .94       63 

          Total Area / Weighted Curve Number                        .94       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                 OUTFALL FC-SA
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SA-E     50          0.036          0.33            4          2 :1
  FLUME SA-D     100         0.036          0.33            4          2 :1
  FLUME SA-C     80          0.036          0.33            4          2 :1
  FLUME SA-B     200         0.023          0.05            4          2 :1
  FLUME SA-A     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SA-E    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SA-D    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SA-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SA-B    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SA-A    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: Outfall FC-SW                          Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-SW-1                                FLUME SW-B      0.59        63    0.1       
FC-SW-2                                FLUME SW-B      0.55        63    0.1       
FC-SW-3                                FLUME SW-A      0.83        63    0.1       
FC-SW-4                                FLUME SW-A      0.59        63    0.1       
FC-SW-5                                Outlet          0.53        63    0.1       
FC-SW-6                                Outlet          0.3         63    0.1       
FC-UDW-3                               FLUME SW-C      2.01        63    0.1       
FC-UDW-2                               FLUME SW-D      1.88        63    0.1       
FC-UDW-1                               FLUME SW-E      0.8         63    0.1       

Total area: 8.08 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-SW-1          .00       .00      0.08      0.37

FC-SW-2          .00       .00      0.08      0.34

FC-SW-3          .00       .00      0.12      0.52

FC-SW-4          .00       .00      0.08      0.37

FC-SW-5          .00       .00      0.07      0.33

FC-SW-6          .00       .00       .00      0.19

FC-UDW-3         .00       .00      0.28      1.26

FC-UDW-2         .00       .00      0.26      1.18

FC-UDW-1         .00       .00      0.11      0.50

REACHES
FLUME SW-A       .00       .00      1.01      4.52
    Down         .00       .00      1.01      4.52

FLUME SW-B       .00       .00      0.81      3.63
    Down         .00       .00      0.81      3.63

FLUME SW-C       .00       .00      0.66      2.92
    Down         .00       .00      0.66      2.92

FLUME SW-D       .00       .00      0.38      1.67
    Down         .00       .00      0.38      1.67

FLUME SW-E       .00       .00      0.11      0.50
    Down         .00       .00      0.11      0.50

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-SW-1          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SW-2          .00       .00      0.08      0.34
             n/a       n/a     12.04     12.02

FC-SW-3          .00       .00      0.12      0.52
             n/a       n/a     12.04     12.02

FC-SW-4          .00       .00      0.08      0.37
             n/a       n/a     12.04     12.02

FC-SW-5          .00       .00      0.07      0.33
             n/a       n/a     12.04     12.02

FC-SW-6          .00       .00       .00      0.19
             n/a       n/a       n/a     12.02

FC-UDW-3         .00       .00      0.28      1.26
             n/a       n/a     12.04     12.02

FC-UDW-2         .00       .00      0.26      1.18
             n/a       n/a     12.04     12.02

FC-UDW-1         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

REACHES
FLUME SW-A       .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02
    Down         .00       .00      1.01      4.52
             n/a       n/a     12.04     12.02

FLUME SW-B       .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.81      3.63
             n/a       n/a     12.04     12.02

FLUME SW-C       .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.66      2.92
             n/a       n/a     12.04     12.02

FLUME SW-D       .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.38      1.67
             n/a       n/a     12.04     12.02

FLUME SW-E       .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.11      0.50
             n/a       n/a     12.04     12.02

OUTLET           .00       .00      1.08      5.03
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-SW-1           .59     0.100        63     FLUME SW-B                         
FC-SW-2           .55     0.100        63     FLUME SW-B                         
FC-SW-3           .83     0.100        63     FLUME SW-A                         
FC-SW-4           .59     0.100        63     FLUME SW-A                         
FC-SW-5           .53     0.100        63     Outlet                             
FC-SW-6           .30     0.100        63     Outlet                             
FC-UDW-3         2.01     0.100        63     FLUME SW-C                         
FC-UDW-2         1.88     0.100        63     FLUME SW-D                         
FC-UDW-1          .80     0.100        63     FLUME SW-E                         

Total Area:   8.08 (ac)
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME SW-A     Outlet        50         CHANNEL
  FLUME SW-B     FLUME SW-A    100        CHANNEL
  FLUME SW-C     FLUME SW-B    80         CHANNEL
  FLUME SW-D     FLUME SW-C    200        CHANNEL
  FLUME SW-E     FLUME SW-D    200        CHANNEL
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-SW-1   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        296   0.0200     0.023     10.00     10.79     9.136      0.009

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-2   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-3   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        393   0.0200     0.023     10.00     10.79     8.397      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-4   
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        245   0.0200     0.023     10.00     10.79     8.507      0.008

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-5   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-SW-6   
  SHEET          100   0.3300     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDW-3  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDW-2  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========

FC-UDW-1  
  SHEET          100   0.0500     0.011                                    0.026
  SHALLOW        252   0.0100     0.944                                    0.043

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-SW-1   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SW-2   Desert shrub                        (poor)    A           .55       63 

          Total Area / Weighted Curve Number                        .55       63 
                                                                    ===       ==

FC-SW-3   Desert shrub                        (poor)    A           .83       63 

          Total Area / Weighted Curve Number                        .83       63 
                                                                    ===       ==

FC-SW-4   Desert shrub                        (poor)    A           .59       63 

          Total Area / Weighted Curve Number                        .59       63 
                                                                    ===       ==

FC-SW-5   Desert shrub                        (poor)    A           .53       63 

          Total Area / Weighted Curve Number                        .53       63 
                                                                    ===       ==

FC-SW-6   Desert shrub                        (poor)    A            .3       63 

          Total Area / Weighted Curve Number                         .3       63 
                                                                     ==       ==

FC-UDW-3  Desert shrub                        (poor)    A          2.01       63 

          Total Area / Weighted Curve Number                       2.01       63 
                                                                   ====       ==

FC-UDW-2  Desert shrub                        (poor)    A          1.88       63 

          Total Area / Weighted Curve Number                       1.88       63 
                                                                   ====       ==

FC-UDW-1  Desert shrub                        (poor)    A            .8       63 

          Total Area / Weighted Curve Number                         .8       63 
                                                                     ==       ==
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CWK                            T13 Final Cover
                                 Outfall FC-SW
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME SW-A     50          0.036          0.33            4          2 :1
  FLUME SW-B     100         0.036          0.33            4          2 :1
  FLUME SW-C     80          0.036          0.33            4          2 :1
  FLUME SW-D     200         0.023          0.05            4          2 :1
  FLUME SW-E     200         0.023          0.05            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME SW-A    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SW-B    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SW-C    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84

  FLUME SW-D    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84

  FLUME SW-E    0.0         0.000           0            4       0.05 
                0.5        19.637         2.5            6
                1.0        68.870           6            8
                2.0       266.230          16           12
                5.0      1939.255          70           24
               10.0     10038.029         240           44
               20.0     56695.699         880           84
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: OUTFALL FC-W-A                         Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-W1                                  UpperDitch      0.98        63    0.1       
FC-W2                                  LowerDitch      0.92        63    0.1       
FC-W3                                  Outlet          0.49        63    0.1       

Total area: 2.39 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-W1            .00       .00      0.14      0.61

FC-W2            .00       .00      0.13      0.58

FC-W3            .00       .00      0.07      0.31

REACHES
LowerDitch       .00       .00      0.27      1.18
    Down         .00       .00      0.27      1.18

UpperDitch       .00       .00      0.14      0.61
    Down         .00       .00      0.14      0.61

OUTLET           .00       .00      0.33      1.49
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-W1            .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02

FC-W2            .00       .00      0.13      0.58
             n/a       n/a     12.04     12.02

FC-W3            .00       .00      0.07      0.31
             n/a       n/a     12.04     12.02

REACHES
LowerDitch       .00       .00      0.27      1.18
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.27      1.18
             n/a       n/a     12.04     12.03

UpperDitch       .00       .00      0.14      0.61
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.14      0.61
             n/a       n/a     11.98     12.02

OUTLET           .00       .00      0.33      1.49
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-W1             .98     0.100        63     UpperDitch                         
FC-W2             .92     0.100        63     LowerDitch                         
FC-W3             .49     0.100        63     Outlet                             

Total Area:   2.39 (ac)
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  LowerDitch     Outlet        296        CHANNEL
  UpperDitch     LowerDitch    299        CHANNEL
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-W1     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        406   0.0200     0.023     10.00     10.79     8.675      0.013

                                                 Time of Concentration       0.1
                                                                        ========

FC-W2     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        209   0.0200     0.023     10.00     10.79     8.294      0.007

                                                 Time of Concentration       0.1
                                                                        ========

FC-W3     
  SHEET          100   0.3330     0.011                                    0.012

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-W1     Desert shrub                        (poor)    A           .98       63 

          Total Area / Weighted Curve Number                        .98       63 
                                                                    ===       ==

FC-W2     Desert shrub                        (poor)    A           .92       63 

          Total Area / Weighted Curve Number                        .92       63 
                                                                    ===       ==

FC-W3     Desert shrub                        (poor)    A           .49       63 

          Total Area / Weighted Curve Number                        .49       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                OUTFALL FC-W-A
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  LowerDitch     296         0.023          0.1             0.3        2 :1
  UpperDitch     299         0.023          0.1             0.3        2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  LowerDitch    0.0         0.000           0          0.3       0.1 
                0.5         5.086         0.6          2.3
                1.0        28.044         2.3          4.3
                2.0       164.808         8.5          8.3
                5.0      1806.779        51.3         20.3
               10.0     11281.721       202.5         40.3
               20.0     71030.681         805         80.3

  UpperDitch    0.0         0.000           0          0.3       0.1 
                0.5         5.086         0.6          2.3
                1.0        28.044         2.3          4.3
                2.0       164.808         8.5          8.3
                5.0      1806.779        51.3         20.3
               10.0     11281.721       202.5         40.3
               20.0     71030.681         805         80.3
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                        WinTR-55 Current Data Description

                         --- Identification Data ---

User:     CWK                                    Date:        3/7/2016
Project:  T13 Final Cover                        Units:       English
SubTitle: FC-W-B                                 Areal Units: Acres
State:    Nevada
County:   Nye
Filename: F:\Data\143418 - USEN T13 Design\Design\Calculations\Erosion\Water Erosion\TR-55 Model Runs - Fi

                             --- Sub-Area Data ---

Name           Description              Reach        Area(ac)     RCN     Tc  
------------------------------------------------------------------------------
FC-W4                                  FLUME WEST      0.67        63    0.1       
FC-W5                                  Outlet          1.02        63    0.1       
FC-W6                                  Outlet          0.62        63    0.1       
FC-W7                                  Outlet          0.38        63    0.1       

Total area: 2.69 (ac)

                             --- Storm Data  --

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                                  Storm Data

                   Rainfall Depth by Rainfall Return Period

   2-Yr        5-Yr        25-Yr       100-Yr      -Yr         -Yr         -Yr
   (in)        (in)        (in)        (in)        (in)        (in)        (in)
--------------------------------------------------------------------------------
    .94        1.39        2.26        3.13         .0          .0          .0      

Storm Data Source:              User-provided custom storm data
Rainfall Distribution Type:     Type II
Dimensionless Unit Hydrograph:  <standard>
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                             Watershed Peak Table

 Sub-Area           Peak Flow by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
----------------------------------------------------------------------------------
SUBAREAS
FC-W4            .00       .00      0.09      0.42

FC-W5            .00       .00      0.14      0.64

FC-W6            .00       .00      0.09      0.39

FC-W7            .00       .00      0.05      0.24

REACHES
FLUME WEST       .00       .00      0.09      0.42
    Down         .00       .00      0.09      0.42

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                       Hydrograph Peak/Peak Time Table

 Sub-Area       Peak Flow and Peak Time (hr) by Rainfall Return Period
 or Reach       2-Yr      5-Yr     25-Yr    100-Yr
Identifier     (cfs)     (cfs)     (cfs)     (cfs)
            (hr)      (hr)      (hr)      (hr)      
----------------------------------------------------------------------------------
SUBAREAS
FC-W4            .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02

FC-W5            .00       .00      0.14      0.64
             n/a       n/a     12.04     12.02

FC-W6            .00       .00      0.09      0.39
             n/a       n/a     12.04     12.02

FC-W7            .00       .00      0.05      0.24
             n/a       n/a     12.04     12.02

REACHES
FLUME WEST       .00       .00      0.09      0.42
             n/a       n/a     12.04     12.02
    Down         .00       .00      0.09      0.42
             n/a       n/a     11.99     12.02

OUTLET           .00       .00      0.38      1.68
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                            Sub-Area Summary Table

 Sub-Area   Drainage     Time of     Curve   Receiving     Sub-Area
Identifier    Area    Concentration  Number    Reach      Description
              (ac)        (hr)
--------------------------------------------------------------------------------
FC-W4             .67     0.100        63     FLUME WEST                         
FC-W5            1.02     0.100        63     Outlet                             
FC-W6             .62     0.100        63     Outlet                             
FC-W7             .38     0.100        63     Outlet                             

Total Area:   2.69 (ac)
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                             Reach Summary Table

               Receiving     Reach        Routing
  Reach          Reach       Length       Method
Identifier     Identifier      (ft)
----------------------------------------------------------------------

  FLUME WEST     Outlet        90         CHANNEL
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                    Sub-Area Time of Concentration Details

 Sub-Area      Flow            Mannings's    End     Wetted               Travel
Identifier/   Length    Slope      n        Area    Perimeter   Velocity   Time 
               (ft)    (ft/ft)             (sq ft)    (ft)      (ft/sec)   (hr)
--------------------------------------------------------------------------------
FC-W4     
  SHEET          100   0.3300     0.011                                    0.012
  CHANNEL        444   0.0200     0.023     10.00     10.79     8.810      0.014

                                                 Time of Concentration       0.1
                                                                        ========

FC-W5     
  SHEET          100   0.3330     0.011                                    0.012
  CHANNEL        512   0.0200     0.023     10.00     10.79     8.889      0.016

                                                 Time of Concentration       0.1
                                                                        ========

FC-W6     
  SHEET           90   0.3330     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========

FC-W7     
  SHEET           90   0.3300     0.011                                    0.011

                                                 Time of Concentration       0.1
                                                                        ========
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                  Sub-Area Land Use and Curve Number Details

 Sub-Area                                           Hydrologic   Sub-Area   Curve
Identifier           Land Use                          Soil        Area     Number
                                                      Group        (ac)
--------------------------------------------------------------------------------
FC-W4     Desert shrub                        (poor)    A           .67       63 

          Total Area / Weighted Curve Number                        .67       63 
                                                                    ===       ==

FC-W5     Desert shrub                        (poor)    A          1.02       63 

          Total Area / Weighted Curve Number                       1.02       63 
                                                                   ====       ==

FC-W6     Desert shrub                        (poor)    A           .62       63 

          Total Area / Weighted Curve Number                        .62       63 
                                                                    ===       ==

FC-W7     Desert shrub                        (poor)    A           .38       63 

          Total Area / Weighted Curve Number                        .38       63 
                                                                    ===       ==
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CWK                            T13 Final Cover
                                    FC-W-B
                              Nye County, Nevada

                         Reach Channel Rating Details

   Reach       Reach        Reach         Friction       Bottom       Side
 Identifier    Length      Manning's        Slope         Width       Slope
                (ft)          n            (ft/ft)         (ft)
--------------------------------------------------------------------------------

  FLUME WEST     90          0.036          0.33            4          2 :1

   Reach                                  End          Top      Friction
 Identifier    Stage        Flow         Area         Width      Slope
                (ft)       (cfs)        (sq ft)        (ft)     (ft/ft)
--------------------------------------------------------------------------------
  FLUME WEST    0.0         0.000           0            4       0.33 
                0.5        32.230         2.5            6
                1.0       113.039           6            8
                2.0       436.973          16           12
                5.0      3182.968          70           24
               10.0     16475.771         240           44
               20.0     93056.651         880           84
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Manual Notice  2015-1

From: Rene Garcia, P.E.

Manual: Hydraulic Design Manual

Effective Date: August 31, 2015

Contents

The following updates were made to the Hydraulic Design Manual:

 Chapter 4 - Hydrology
 Section 6 - Updated the note to Table 4-2 regarding AEP for scour computations.
 Section 11 - Modified language regarding sheet flow to limit length to 100 feet,
 Section 14 - Included WinTR-55 in References.

 Chapter 13 - Storm Water
 Section 1 – Updated the link for Storm Water Management Guidelines for Construction 

Activities (TxDOT, 2002) to reflect that the manual is under revision.

Supersedes

The revised manual supersedes prior versions of the manual.

Contact

Contact Stan Hopfe at Stan.Hopfe@txdot.gov (512) 416-2219, Roadway Design Section, Design 
Division with any questions or comments.

Archives

Past manual notices are available in a PDF archive.
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Section 3 — Roadside Channel Design

Roadside Drainage Channels

According to the AASHTO Roadside Design Guide, roadside drainage channel is an open channel 
usually paralleling the highway embankment and within limits of the ROW. The primary function 
of a drainage channel is to collect surface runoff from the roadway and areas that drain to the ROW 
and to convey the accumulated runoff to acceptable outlet points. Drainage channels must be 
designed to carry the design runoff and to accommodate excessive storm water with minimal road-
way flooding or damage. The design frequency should correspond with the storm drain frequency. 
For details of roadway safety design which governs ditch shape design, see the Roadway Design 
Manual, Chapter 2, Section 6, Slopes and Ditches, and Median Design, and Chapter 2, Section 7, 
Side Ditches. Where the Roadway Design Manual requirements can’t be met, the channel will have 
to be enclosed in a pipe or box. See Chapter 10, Storm Drains.

Channel Linings

Channel lining may be desirable or necessary to minimize maintenance, resist the erosive forces of 
flowing water, improve hydraulic efficiency, and/or limit the channel size for right-of-way or safety 
considerations. The considerations of flow volumes, topography, and soil conditions may dictate 
the channel lining material to be used. Wherever possible, highway drainage channel design should 
make use of native, natural materials such as grass, crushed rock, and earth. Other types of materi-
als for reasons of hydraulics, economics, safety, aesthetics, and environment may be considered.

The following section contains a short discussion on channel linings. For comprehensive descrip-
tions, advantages, and disadvantages of different types of channel linings, refer to the FHWA 
Hydraulic Engineering Circular No. 15 (HEC-15).

Rigid versus Flexible Lining

Engineers may design roadside channels with rigid or flexible linings. Flexible linings in channels 
conform better to a changing channel shape than rigid linings. However, a rigid lining may resist an 
erosive force of high magnitude better than a flexible one. 

The following types of rigid linings are common:

 cast-in-place concrete

 soil cement

 fabric form work systems for concrete

 grouted riprap.
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Rigid channel linings have the following disadvantages when compared to natural or earth-lined 
channels:

 Initial construction cost of rigid linings is usually greater than the cost of flexible linings.

 Maintenance costs may also be high because rigid linings are susceptible to damage by under-
cutting, hydrostatic uplift, and erosion along the longitudinal interface between the lining and 
the unlined section.

 Inhibition of natural infiltration in locations where infiltration is desirable or permissible.

 Smooth linings usually cause high flow velocities with scour occurring at the terminus of the 
sections unless controlled with riprap or other energy dissipating devices

 Contaminants may be transported to the receiving waters in areas where water quality consid-
erations are of major concern. A vegetative or flexible type of lining may filter the 
contaminants from the runoff.

Permanent flexible linings include the following:

 rock riprap

 wire enclosed riprap (gabions)

 vegetative lining

 geotextile fabrics.

Flexible linings generally have the following advantages:

 less costly to construct

 have self-healing qualities that reduce maintenance costs

 permit infiltration and exfiltration

 present a more natural appearance and safer roadsides.

Various species of grass may be used as permanent channel lining if flow depths, velocities, and 
soil types are within acceptable tolerances for vegetative lining. The turf may be established by 
sodding or seeding. Sod is usually more expensive than seeding, but it has the advantage of provid-
ing immediate protection. Some type of temporary protective covering is often required for seed 
and topsoil until vegetation becomes established.

The following are classified as temporary flexible linings:

 geotextile fabrics

 straw with net

 curled wood mat

 jute, paper, or synthetic net

REFERENCE 11
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 synthetic mat

 fiberglass roving.

Temporary channel lining and protective covering may consist of jute matting, excelsior mats, or 
fiberglass roving. Straw or wood-chip mulch tacked with asphalt is usually not well suited for chan-
nel invert lining but may be used for side slopes. Geotextile materials, known as soil stabilization 
mats, may be used for protective linings in ditches and on side slopes. These materials are not bio-
degradable and serve as permanent soil reinforcement while enhancing the establishment of 
vegetation.

Channel Lining Design Procedure

Use the following design procedure for roadside channels. Even though each project is unique, 
these six basic design steps normally apply:

1. Establish a roadside plan. Collect available site data:
 Obtain or prepare existing and proposed plan/profile layouts including highway, culverts, 

bridges, etc.
 Determine and plot on the plan the locations of natural basin divides and roadside channel 

outlets.
 Lay out the proposed roadside channels to minimize diversion flow lengths.

2. Establish cross section geometry: Identify features that may restrict cross section design 
including right-of-way limits, trees or environmentally sensitive areas, utilities, and existing 
drainage facilities. Provide channel depth adequate to drain the subbase and minimize freeze-
thaw effects. Choose channel side slopes based on the following geometric design criteria: 
safety, economics, soil, aesthetics, and access. Establish the bottom width of trapezoidal 
channel.

3. Determine initial channel grades. Plot initial grades on plan-profile layout (slopes in roadside 
ditch in cuts are usually controlled by highway grades) by establishing a minimum grade to 
minimize ponding and sediment accumulation, considering the influence of type of lining on 
grade, and where possible, avoiding features that may influence or restrict grade, such as utility 
locations.

4. Check flow capacities, and adjust as necessary. Compute the design discharge at the down-
stream end of a channel segment (see Chapter 5). Set preliminary values of channel size, 
roughness, and slope. Determine the maximum allowable depth of channel including free-
board. Check the flow capacity using Manning’s Equation for Uniform Flow and single-
section analysis (see Equation 7-1 and Chapter 6). If the capacity is inadequate, possible 
adjustments are as follows:
 increase bottom width
 make channel side slopes flatter
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 make channel slope steeper
 provide smoother channel lining
 install drop inlets and a parallel storm drain pipe beneath the channel to supplement chan-

nel capacity
 provide smooth transitions at changes in channel cross sections
 provide extra channel storage where needed to replace floodplain storage or to reduce 

peak discharge

Equation 7-1. 

where:
Q = discharge (cfs or m3/s)
A = cross-sectional area of flow (sq. ft. or m2)
R = hydraulic radius (ft. or m)
Z = conversion factor; 1.486 for English units, and 1.0 for metric

5. Determine channel lining or protection needed. Calculate uniform flow depth (ym in ft. or m) 
at design discharge using the Slope Conveyance Method. Compute maximum shear stress at 
normal depth (see Equation 7-2 and Equation 7-3). Select a lining and determine the permissi-
ble shear stress (in lbs./sq.ft. or N/m2) using the tables titled Retardation Class for Lining 
Materials and Permissible Shear Stresses for Various Linings. If d < p, then the lining is 
acceptable. Otherwise, consider the following options: choose a more resistant lining, use con-
crete or gabions or other more rigid lining as full lining or composite, decrease channel slope, 
decrease slope in combination with drop structures, or increase channel width or flatten side 
slopes.

6. Analyze outlet points and downstream effects. Identify any adverse impacts to downstream 
properties that may result from one of the following at the channel outlet: increase or decrease 
in discharge, increase in velocity of flow, confinement of sheet flow, change in outlet water 
quality, or diversion of flow from another watershed. Mitigate any adverse impacts identified 
in the previous step. Possibilities include enlarging the outlet channel or installing control 
structures to provide detention of increased runoff in channel, installing velocity control struc-
tures, increasing capacity or improving the lining of the downstream channel, installing 
sedimentation/infiltration basins, installing sophisticated weirs or other outlet devices to redis-
tribute concentrated channel flow, and eliminating diversions that result in downstream 
damage and that cannot be mitigated in a less expensive fashion.

Equation 7-2. 

Q z
n
---AR2 3/ S1 2/=

 

d RS=
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where:
 = average shear stress at normal depth (lb./sq.ft. or N/m2)
unit weight of water (62.4 lb./ft.3or 9810 N./m.2)
R = hydraulic radius (ft. or m.) at uniform depth (ym)
S = channel slope (ft./ft. or m./m.)

The maximum shear stress for a straight channel occurs on the channel bed.

Equation 7-3. 

where:
d = maximum sheer stress (lb./sq ft. or N/m2)
unit weight of water (62.4 lb./ft.3or 9810 N./m.2)
d = maximum depth of flow (ft. or m.)
S = channel slope (ft./ft. or m./m.)

Retardation Class for Lining Materials

Retardance 
Class Cover Condition

A Weeping Lovegrass Excellent stand, tall (average 30 in. or 760 mm)

 Yellow Bluestem Ischaemum Excellent stand, tall (average 36 in. or 915 mm)

B Kudzu Very dense growth, uncut

 Bermuda grass Good stand, tall (average 12 in. or 305 mm)

 Native grass mixture
little bluestem, bluestem, blue gamma, other 
short and long stem midwest grasses

Good stand, unmowed

 Weeping lovegrass Good Stand, tall (average 24 in. or 610 mm)

 Lespedeza sericea Good stand, not woody, tall (average 19 in. or 480 mm)

 Alfalfa Good stand, uncut (average 11 in or 280 mm)

 Weeping lovegrass Good stand, unmowed (average 13 in. or 330 mm)

 Kudzu Dense growth, uncut

 Blue gamma Good stand, uncut (average 13 in. or 330 mm)

C Crabgrass Fair stand, uncut (10-to-48 in. or 55-to-1220 mm)

 Bermuda grass Good stand, mowed (average 6 in. or 150 mm)

d dS=
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 Common lespedeza Good stand, uncut (average 11 in. or 280 mm)

 Grass-legume mixture: summer (orchard 
grass redtop, Italian ryegrass, and common 
lespedeza)

Good stand, uncut (6-8 in. or 150-200 mm)

 Centipedegrass Very dense cover (average 6 in. or 150 mm)

 Kentucky bluegrass Good stand, headed (6-12 in. or 150-305 mm)

D Bermuda grass Good stand, cut to 2.5 in. or 65 mm

 Common lespedeza Excellent stand, uncut (average 4.5 in. or 115 mm)

 Buffalo grass Good stand, uncut (3-6 in. or 75-150 mm)

 Grass-legume mixture:
fall, spring (orchard grass Italian ryegrass, 
and common lespedeza

Good Stand, uncut (4-5 in. or 100-125 mm)

 Lespedeza sericea After cutting to 2 in. or 50 mm (very good before 
cutting)

E Bermuda grass Good stand, cut to 1.5 in. or 40 mm

 Bermuda grass Burned stubble

Retardation Class for Lining Materials

Retardance 
Class Cover Condition

Permissible Shear Stresses for Various Linings

Protective Cover (lb./sq.ft.) tp (N/m2)

Retardance Class A Vegetation (See the “Retardation Class 
for Lining Materials” table above)

3.70 177

Retardance Class B Vegetation (See the “Retardation Class 
for Lining Materials” table above)

2.10 101

Retardance Class C Vegetation (See the “Retardation Class 
for Lining Materials” table above)

1.00 48

Retardance Class D Vegetation (See the “Retardation Class 
for Lining Materials” table above)

0.60 29

Retardance Class E Vegetation (See the “Retardation Class 
for Lining Materials” table above)

0.35 17

Woven Paper 0.15 7
Jute Net 0.45 22
Single Fiberglass 0.60 29
Double Fiberglass 0.85 41
Straw W/Net 1.45 69
Curled Wood Mat 1.55 74
Synthetic Mat 2.00 96
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Trial Runs

To optimize the roadside channel system design, make several trial runs before a final design is 
achieved. Refer to HEC-15 for more information on channel design techniques and considerations.

Gravel, D50 = 1 in. or 25 mm 0.40 19
Gravel, D50 = 2 in. or 50 mm 0.80 38
Rock, D50 = 6 in. or 150 mm 2.50 120
Rock, D50 = 12 in. or 300 mm 5.00 239
6-in. or 50-mm Gabions 35.00 1675
4-in. or 100-mm Geoweb 10.00 479
Soil Cement (8% cement) >45 >2154
Dycel w/out Grass >7 >335
Petraflex w/out Grass >32 >1532
Armorflex w/out Grass 12-20 574-957
Erikamat w/3-in or 75-mm Asphalt 13-16 622-766
Erikamat w/1-in. or 25 mm Asphalt <5 <239
Armorflex Class 30 with longitudinal and lateral cables, no 
grass

>34 >1628

Dycel 100, longitudinal cables, cells filled with mortar <12 <574
Concrete construction blocks, granular filter underlayer >20 >957
Wedge-shaped blocks with drainage slot >25 >1197

Permissible Shear Stresses for Various Linings

Protective Cover (lb./sq.ft.) tp (N/m2)
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CALCULATION 

RATE OF SOIL COVER EROSION BY WIND 

PURPOSE 

This calculation estimates soil loss by wind erosion from the proposed final cover for 
Trench 13 at the US Ecology Beatty Facility. 

APPROACH 

Calculated soil loss is compared to the USEPA recommendations for maximum erosion 
rate (of two tons per acre per year)1 for a landfill cover.  The soil loss tolerance value 
assigned by U.S. Natural Resource Conservation Service (NRCS) as a standard for 
protecting soil as natural resource is five tons per acre per year for the 2053 Yermo-
Greyeagle-Arizo association (soil type associated with materials to be used as the final 
Trench 13 cover at US Ecology Nevada (USEN) facility) in its natural desert setting.  
Tolerable soil loss from desert soil types present in the Amargosa Valley is four to five 
tons per acre per year.2 

The NRCS Wind Erosion Prediction System (WEPS) model is used for this analysis.  
WEPS is used to estimate expected soil loss (as soil weight per surface area unit) 
based on soil properties, wind and climate history for a local weather station, and site 
geography (Reference 3).  The Wind Erosion Equation (WEQ), upon which WEPS is 
based, is widely used for estimating soil loss by wind from agricultural fields.  The 
functional form of WEQ is:  

E = f ( I, C, K, L, V ) 

Where, E is the average soil loss (tons/acre/year), I is the soil erodibility, K is the soil 
ridge roughness, C is the climatic factor, L is the field length along the prevailing wind 
erosion direction, and V is the vegetative factor.  

WEPS is a process-based, daily time-step model that simulates weather, field 
conditions, and erosion to predict wind erosion.  The WEPS model allows the use of 
uploaded region-specific database information to determine the WEQ soil loss factors.  
For Trench 13 wind erosion estimates, the following three databases were uploaded: 

1. Climate Data (Amargosa Valley 4s); 

                                                 

1 USEPA.  Design and Construction of RCRA/CERCLA Final Covers, EPA/625/4-91/025.  1991 
(Reference 1). 

2  Bechtel SAIC Company, LLC, September 2006.  Soil-Related Input Parameters for the Biosphere 
Model (Reference 2) 
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2. Soil Data (Nye SW, NV785\2053 Yermo-Greyeagle-Arizo Association) 
3. Wind Data (Mercury/Desert Rock); and 
4. Crop Management Template (CMZ-31) 

Climate:  For the US Ecology Beatty facility, the location chosen as representative was 
the “Amargosa Valley 4s.” 

Soil:  The USDA Web Soil Survey (Reference 4) was used to determine the prevalent 
surface soil type in the vicinity of the US Ecology facility and the soil type most closely 
matching the grain size analysis for soils used as cover material on Trench 11 
(References 5 and 6).  As acknowledged in Calculation C.12, soils used to form the 
Trench 13 cover likely will come from a mixture of surface soils present at the facility 
and subsurface soils generated during the excavation of Trench 13.  Subsurface soils 
have been shown to be coarser than those observed at the surface.  The soil properties 
of 2053 Yermo-Greyeagle-Arizo (Reference 7) were compared with soil samples taken 
from the cover of Trench 11 (References 5 and 6).  The soil properties of 2053 Yermo-
Greyeagle-Arizo, specifically grain distribution and rock fragments, were found to be 
very similar to properties of cover soil for Trench 11.  Therefore this soil type was 
selected for the wind erosion estimation.  The 2053 Yermo-Greyeagle-Arizo also is used 
in the water erosion evaluation in Calculation C.12.   

Wind:  The weather station selected as representative for wind speed and direction was 
the Mercury/Desert Rock Station.   

Crop Management:  A Construction Management Template was developed, based on 
activities necessary to build the Trench 13 final cover.  The Construction Management 
Template assumes non-vegetated disturbed soil that has been modified using certain 
combinations of construction or agricultural equipment.  In this instance, the soil surface 
modifications assumed included 1) clearing-cutting by bulldozer, 2) filling and leveling 
by bulldozer, 3) heavy disking (simulating ripping), 4) rolling smooth (representing slope 
backdrag with a bulldozer blade) and 5) beginning weed growth (Reference 8). 

SOIL LOSS ESTIMATE 

The WEPS model simulation uses a basic area shape (e.g., rectangle, square, circle, or 
quarter circle), site-specific dimensions, and the orientation (relative to wind direction) 
as input for the model run.  The US Ecology Trench 13 area was modeled as: 

• North Slope (2,190 ft x 300 ft) with regional slope of 33%; 

• Upper Deck (1,835 ft x 516 ft) with a regional slope of 5%; 

• South Slope (2,190 x 225 ft) with a regional slope of 33%; and 

• East and West Slopes (300 ft x 940 ft) with a regional slope of 33%. 
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The inputs and results of the WEPS calculation are included as Reference 9.  The 
findings of the modeling are summarized in the Table below.  Since the WEPs program 
was designed to evaluate agricultural fields, it assumes a crop rotation frequency and 
repeatedly disturbed conditions.  Since no active farming will occur on the Trench 13 
final cover, soil disturbance will be less than the WEPS model would predict because of 
the natural armoring process where the fine sediments at the surface tend to be blown 
or washed away and the coarser, more resistant fraction of aggregates (coarse sand 
and gravel particles) remain.   

Model Run 
Soil Type: 2053 
(tons/acre/year) 

North Slope at 3H:1V 3.96 
Upper Deck at 20H:1V 4.86 
South Slope at 3H:1V 3.99 
East and West Slope at 3H:1V 4.19 

Average 4.25 

Wind erosion is assumed to result in uniform soil removal over a broad area and not in a 
manner than tends to concentrate soil removal (such as rill erosion by water).  
Accordingly, consideration of the significance of surface soil removal (or thinning) is 
pertinent.  The soil loss caused by wind erosion was analyzed for the potential of 
thinning the cover to the point of exposing waste.  Using the erosion rate estimated for 
Trench 13, and assuming that cover soil is placed with a density of 100 lbs per cubic 
foot or approximately 1.35 tons per cubic yard, the following soil loss is estimated. 

Soil Type 2053 Yermo-Greyeagle Arizo at a maximum erosion rate of 4.25 
tons/acre/year 

For one year: 4.25 ft
yd
ft

ft
acre

tons
yd

acre
tons 0020.0

1
27

560,43
1

35.1
1

3

3

2

3

=∗∗∗  of soil loss per year 

  = 0.023 inches of soil loss per year  

For 30 years = 0.70 inches of soil loss.  

LIMITATIONS 

WEPS is intended to estimate erosion from uniformly sloped agricultural fields that are 
managed for production of various crop types.  The model allows for consideration of 
certain adjoining topographic features (such as wind breaks) that modify wind direction 
and velocity, but does not estimate erosion from complex geometric shapes, such as a 
landfill cover.  Also, surface preparation and crop management inputs to the model 
probably do not accurately reflect the management of a closed landfill.  As a result, the 
accuracy of the wind erosion estimate is uncertain.  However, since soil disturbance on 
the final soil cover is anticipated to be less than that caused by active farming, the 
WEPS results likely are conservative. 
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CONCLUSION 

The soil loss tolerance value assigned by NRCS as a standard for protecting soil as 
natural resources is five tons per acre per year for the 2053 Yermo-Greyeagle-Arizo 
Association in this natural desert setting.  The calculated value for the 2053 Yermo-
Greyeagle-Arizo Association is just below the NRCS soil loss tolerance values, 
suggesting that excessive soil loss from wind erosion is not expected to occur.  This 
values are greater than the USEPA-recommended maximum erosion rate of two tons 
per acre per year for hazardous waste disposal sites but within the five tons per acre 
per year, common for desert soils. 

The soil cover thinning calculation indicated a potential soil cover loss of 0.023 inches 
per year.  For a 30 year post closure time period, the soil loss is estimated at about 0.70 
inches.  These initial construction conditions are likely to occur prior to the natural 
armoring process that occurs as fine particles are removed by wind and water leaving 
coarser materials that resist such erosional forces.  This armoring process has been 
observed in final cover materials on Trench 11 at the USEN Facility where in 2013, 
following construction of the cover, average materials had a soil particle distribution with 
an average D50 of 0.08 inches (Reference 5).  Samples collected and analyzed in 2016 
(Reference 6) show an average D50 of 0.13 inches.  Samples were obtained by 
gathering aggregates located in the upper 2 inches of the cover and consequently still 
included a significant fraction of the underlying fines.   
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support the weight of the entire cap and not abrade the liner. If a clay or 
similarly fine grained soil liner is to be used, the underlying base must be 
sufficiently fine to preclude piping of the liner. Piping occurs when 
sections of an overlying fine-grained soil layer erode and fall into an under­
lying coarser grained soil layer (Matrecon, Inc., 1983). Piping may be pre­
vented by placement of a suitably fine-meshed filter fabric between the two 
layers. 

The drainage layer of the multi-layered cap is placed directly above the 
low permeability layer. The permeability of the drainage layer should be 
sufficiently high that it minimizes contact of infiltrating rainwater with the 
low permeability layer (Lutton, 1982). C~3rent designs generally specify a 
material with greater than or equal to 10 em/sec permeability (Cope et al., 
1984). This layer can be composed of a sand in the SW or SP range of USCS 
(less than 5 percent passing through a number 100 sieve) or a coarser mate­
rial. The thickness of the drainage layer depends on the amount of settling 
expected and the maximum volume of water that could enter it. The vegetative 
layer of the multi-layer cap is placed above the drainage layer, usually with 
a layer of filter fabric in between to prevent piping. The vegetative layer 
usually exceeds 2 feet in thickness, but may be greater depending on the frost 
depth, the maximum depth of root penetration, and the rate of anticipated soil 
loss. The frost depth must not be allowed to reach the low permeability layer 
because freezing and thawing cycles could greatly increase its permeability. 
The selection of a vegetative cover should include consideration of root pene­
tration, erosion potential, and competitive advantage over other plant species 
in the area. These factors can be determined by consulting with local botany 
professors. Erosion potential of the soil, however can occur even when the 
vegetative cover has good soil retaining capabilities. Therefore, it is 
recommended that the soil in the vegetative layer have an erosion rate of less 
than 2 tons per acre, per year, using the U.S. Department of Agriculture 
Universal Soil Loss Equation (USLE). This equation is written: 

Where: 

A = R X K X L X S x C X P 

quantitative: 

qualitative: 

A= average spoil loss 1n tons/acre for time 
period used for R 

R = rainfall and run-off erosivity index 
K soil erodibility factor 
L = slope length factor 
s = slope steepness factor 

c = cover/management factor 
p = supporting practices factor 

Directions for determining variables are given in Lutton, Regan, and Jones 
(1979) pp. 127-133. For information regarding soil sampling and testing, for 
local data on soils and climate, or for any form of technical assistance 
regarding selection of cover materials, regional and county Soil Conservation 
Services (SCS) offices should be consulted. 
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The textbook Soil and Water Conservation for Productivity and Environmental Protection 
(Troeh et al. 1980 [DIRS 110012], Section 6-1) states that erosion cannot be prevented but that it 
is possible and necessary to reduce erosion losses to tolerable rates.  The book then presents the 
concept of the tolerable soil loss, T.  This factor is an estimate of the maximum average annual 
rate of soil erosion (by wind, water, or both) that can occur without affecting crop productivity 
over a sustained period.  Tolerable soil loss for the soil series occurring in Amargosa Valley is 
given in Table 6.2-2 in units of ton acre−1 yr−1 (USDA 2004 [DIRS 173916], Part II, Table 12). 
With the exception of the Shamock soil (T factor of 2 ton acre−1 yr−1), it is reasonable to say that 
the typical soils in the Amargosa Valley area could tolerate annual erosion losses of about four to 
five tons per acre before production would be affected.  It is conceivable that some future users, 
using poor conservation practices, would accept losses at a higher rate for many years before 
production is impacted.  Such use is considered non-representative of a farmer who has to work 
in an arid (or in the future semi-arid) climate where irrigation presents a significant expense and 
requires attention to watering needs.  In the absence of an alternative upper limit for soil 
removal, the highest T value of 5 ton acre−1 yr−1 is taken as the limit. 

Both fluvial and eolian soil erosion mechanisms are complex and are dependent on soil 
characteristics, crop type, slope, vegetation cover, and erosion control practices in addition to the 
prevailing meteorological conditions.  Troeh (1980 [DIRS 110012], Section 1-2.1) indicates that 
erosion from either process is generally intermittent with the possibility of months or years 
passing without much soil being lost.  During unfavorable meteorological conditions, especially 
when the soil is in a vulnerable condition such as when plant cover is at a minimum, a significant 
fraction of the annual loss can be removed in only a few days. 

Inspection of the values given in Tables 6.4-2 and 6.4-3 indicates that wind erosion dominates 
the soil removal process.   

6.4.3 Estimate of Lower Loss Limit for Erosion 

The lower limit of soil loss due to erosion was based on the average soil loss by erosion on non-
cultivated cropland in Nevada.  The sheet and rill erosion on non-cultivated cropland in Nevada 
is listed as zero (USDA 2000 [DIRS 160548], Table 10), so effectively the erosion of non-
cultivated cropland is caused by wind.  From Table 6.4-3, the average value of wind erosion for 
non-cultivated cropland in Nevada is 1 ton acre−1 yr−1.  Using the conversion factor introduced in 
Section 6.3.1, this is equivalent to the surface soil loss rate of 2.24 × 10−1 kg m−2 yr−1. 

6.4.4 Estimate of Upper Loss Limit for Erosion 

The upper limit of soil erosion rate was calculated based on the average values of sheet, rill, and 
wind erosion for different types of cropland and for pastureland for Nevada (Tables 6.4-2 
and 6.4-3) as well as the consideration of tolerance factor for the Amargosa Valley soils.  The 
upper limit of the erosion rate is a limiting factor for radionuclide buildup in soil only for 
elements that have high partition coefficients and, therefore, for which leaching is not a very 
effective removal mechanism.  Using an average soil erosion rate based on statewide data to 
estimate an upper limit value for Amargosa Valley provides a degree of conservatism in 
predicting the receptor doses from the pathways that include radionuclides in surface soil.  Even 
as an upper limit, the rate of erosion is sufficiently low that the mean residence time of a 
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An Overview of the Wind Erosion Prediction System

Introduction

Soil erosion by wind is a serious problem in the United States and the world.  Wind erosion
is a threat to agriculture and the earth’s natural resources.  It renders soil less productive by
removing the most fertile part of the soil, namely, the clays and organic matter.  This removal
of clays and organic matter also damages soil structure.  In addition to the soil, wind erosion
can damage plants, primarily by the abrasive action of saltating particles on seedlings and
fruits.  Eroded soil can also be deposited into waterways where it impacts water quality and
emitted into the air where it degrades the air resources.  By affecting these resources, wind
erosion can also become a health hazard to humans and other animals.  The ability to
accurately simulate soil loss by wind is essential for, among other things, environmental and
conservation planning, natural resource inventories, and reducing air and water pollution from
wind blown sources.

The Wind Erosion Equation (WEQ) was published in 1965 by Woodruff and Siddoway
(1965).  For years, WEQ has represented the most comprehensive and widely used model in
the world for estimating soil loss by wind from agricultural fields.  The functional form of
WEQ is:

where, E is the average soil loss (tons/acre/year), I is the soil erodibility, K is the soil ridge
roughness, C is the climatic factor, L is the field length along the prevailing wind erosion
direction, and V is the vegetative factor.  WEQ is largely empirical in nature and was derived
from nearly 20 years of field and laboratory studies by scientists at the USDA-Agricultural
Research Service (ARS), Wind Erosion Research Unit (Chepil, 1958, 1959, 1960; Chepil and
Woodruff, 1959).  Many improvements were made to WEQ over the next 30 years.  Because
of the limitations of adapting WEQ to many problems and environments, as well as
advancements in wind erosion science and computer technology, the USDA Natural
Resources Conservation Service requested that ARS develop a replacement for WEQ
(Hagen,1991).

Development of WEPS

Research in the 1980’s (Cole et. al., 1983; Cole, 1984; and Lyles, et. al., 1985) provided the
initial attempt to outline a processed based approach to simulating wind erosion that would
replace WEQ.  Following this initial work, the modular structure used in the current WEPS
model was developed (Hagen, 1991) and the experimental research needed to support that
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structure was outlined.  Numerous field and laboratory studies were conducted to develop
relationships for surface conditions and erosion.  Experimental data were collected for
weather (Skidmore and Tatarko, 1990), hydrology (Durar and Skidmore, 1995), crop growth
(Retta and Armbrust, 1995), residue decomposition (Steiner et. al., 1995), soil (Hagen, et.
al., 1995; Potter, 1990, Zobeck and Popham, 1990, 1992), management (Wagner and Ding,
1995), and erosion (Hagen, 1995).   Experiments were also conducted to validate that the
erosion routines were producing accurate and precise erosion estimates (Fryrear, et. al, 1991).

A multi-disciplinary team was assembled to develop WEPS that included climate modelers,
agronomists, agricultural engineers, soil scientists, and crop modelers.  The WEPS
development project had a multi-agency commitment consisting of the Agricultural Research
Service, Natural Resources Conservation Service, and the Forest Service from the U.S.
Department of Agriculture, along with the Environmental Protection Agency, the Army Corps
of Engineers, and the Bureau of Land Management.  In 2005, WEPS was released to the
NRCS for testing and further development for field office conservation planning.  In 2008,
WEPS was released to NRCS for field office implementation.

WEPS User Requirements

Early in the WEPS development process, input was requested from potential users on the
needed capabilities of a new wind erosion simulation model.  These user requirements were
summarized by Hagen (1991).  Based on these requirements, WEPS was designed to:

1. Provide more accurate and detailed estimates of soil loss by wind from agricultural
fields.  Results for WEQ were an annual average soil loss based essentially on average
weather and field conditions.  Since erosion is often the result of extreme weather events
(e.g., high wind or dry soil conditions), an approach that accounts for such extreme
conditions was needed to simulate the extreme soil loss for these situations.  In addition,
WEPS is capable of outputting erosion loss and surface conditions on a relatively fine
temporal scale (e.g., hourly).  However, for practical purposes, the default time step for
WEPS output is two weeks.  Such detail allows the user to observe the periods when
excessive erosion occurs and the wind or surface conditions which caused the soil loss (e.g.,
low vegetative cover, etc.).  These conditions can then be addressed by altering management
or other control measures.

2. Develop more cost-effective erosion control methods.  Because of the detail in the soil
loss and field conditions provided by WEPS, it is a valuable tool for testing various
management scenarios or control methods through simulation.  Each scenario can be
evaluated before a change in farming practices is made in the field.  Surface conditions and
management can be observed during periods of excessive loss and adjusted to minimize
erosion.
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3. Simulate the amount of soil loss by direction.  With increasing concern of the offsite
impacts of wind erosion on soil, water, and air quality, the capability of WEPS to provide the
direction of soil loss is useful.  For example, creep and saltation loss to a roadside ditch or
waterway will impact water quality, so attention can be focused in these scenarios to
controlling loss in that direction.  Similarly, suspension loss in the direction of highly
populated areas or nearby heavily trafficked roadways can be simulated with WEPS and
specific control strategies simulated.

4. Separate soil loss into creep/saltation, suspension, and PM10 components.  Each of
these components have specific characteristics and effects.  Creep/saltation are typically
deposited locally where they can affect soil and water quality, bury crops, roads, and
irrigation ditches, or be deposited as dunes in fences or windbreaks.  Suspension, by
definition, can be lifted into the air and carried great distances.  As such, it can be a detriment
to air quality, become a health hazard, and reduce visibility along transportation systems.
PM10 has been determined by the U.S. Environmental Protection Agency to be a hazard to
air quality and a respiratory hazard in particular (U.S. EPA, 1996).  Estimating soil loss of
each of these components can aid in environmental assessments. 

Taking all user requirements into consideration, WEPS is designed to be an aid in: 1) soil
conservation planning, 2) environmental assessment and planning; and 3) determining off-site
impacts of wind erosion. 

WEPS Modeling Approach

WEPS is a process-based, daily time-step model that simulates weather, field conditions, and
erosion. As such, it simulates not only the basic wind erosion processes, but also the field
management and weathering  processes that modify a soil's susceptibility to wind erosion.
The initial model release is WEPS 1.0 and is designed to provide the user with a simple tool
for inputting initial field conditions, calculating soil loss, and displaying either simple or
detailed outputs for conservation planning and design of erosion control systems.  

WEPS 1.0 Geometries
To simplify inputs, WEPS 1.0 is designed with specific geometric constraints when specifying
the simulation region or field (Figure 1.2).  The simulation region is limited to a rectangular
area.  However other field shapes such as circles or half circles can also be simulated by
defining a rectangle of the same length, width, or area of the desired field shape.  The
simulation area may be rotated to orient the field correctly on the landscape to account for
the effects of varying tillage, planting, and wind directions.
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Figure 1.1.  WEPS simulation geometries.

A uniform simulation region surface is assumed in that only one soil type (uniform soil
properties), crop type (biomass properties), and management are uniformly distributed over
the field.  In reality, fields are often not uniform so the user may select the dominant-critical
(i.e., most erodible) soil or crop condition for a simulation.  Barriers may be placed on any
or all field boundaries.  When barriers are present, the wind speed is reduced in the sheltered
area on both the upwind and downwind sides of the barriers.  Thus, WEPS can simulate
deposition in front of downwind barriers.  The erosion submodel determines the threshold
friction velocity at which erosion can begin for each day’s surface condition.  When wind
speeds exceed the threshold, the submodel calculates the loss/deposition over a series of
individual grid cells representing the field.  The soil loss and deposition is divided into
components of saltation/creep and suspension, because each has unique transport modes, as
well as off-site impacts.  The field surface is periodically updated during erosion events to
simulate the surface changes caused by erosion.  Surface updating during an erosion event
includes changes to aggregate size distribution of the surface as fine particles are removed and
surface aggregates breakdown into smaller sizes due to impacts from moving particles,
smoothing of ridge roughness as ridges are eroded and furrows fill with eroded materials, etc.
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Figure 1.2.  Structure of the WEPS model.

WEPS 1.0 Model Implementation
The structure of WEPS 1.0 is modular and consists of the science model, coded in
FORTRAN 95 coupled with a graphical user interface, which is coded in JAVA.  The model
also includes five databases, two weather simulation generators, and six submodels (Figure

1.2). The user interface provides a means for the user to enter initial conditions such as the
field dimensions, orientation, barriers, location, management operations, and soil component
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desired for the simulation region.  Field dimensions are entered as a length and width and
orientation as an angle deviation from north.  The user selects the barrier type from a list
accessed through the interface.  For location, the user can either select the country (if
configured for non-U.S. usage), state and county or enter a latitude and longitude directly for
simulation.  The interface then selects the weather stations for which statistical weather
parameters based upon historical measured meteorological data are used to simulate daily
(and hourly for wind) weather parameters.  The soil component is selected from a list of soils
supplied by the NRCS Soil Survey Geographic (SSURGO) database for the Soil Survey Area
of the simulation region or, when online, directly from the NRCS Soil Data Mart website
(http://soildatamart.nrcs.usda.gov).  Management operation and dates are compiled in the
Management/Crop Rotation Editor for WEPS (MCREW) in a spreadsheet style table editor.

Given the user supplied inputs, the interface accesses five databases for climate, soils,
management, barriers, and crop growth and residue decomposition for the simulation.  These
databases provide needed parameters for location and conditions simulated as specified by the
user.  The interface writes the information needed for a WEPS simulation, obtained from the
user and the databases, to WEPS input files.  The interface also calls the weather generators
which create weather files containing daily precipitation, maximum and minimum
temperatures, solar radiation, and dew-point temperature as well as daily wind direction and
subdaily (e.g., hourly) wind speeds.  These input files for a given simulation are collectively
known in WEPS as a “Run”.  To reduce computation time, a daily time step is used in WEPS,
except for selected subroutines in the Hydrology and Erosion submodels, which may use
hourly or sub-hourly time steps (e.g., 15 minutes).  The science model reads the input run files
and calls the Hydrology, Soil, Crop, and Decomposition submodels daily which account for
changes in the soil surface erodibility as influenced by management and weather.  If surface
conditions for a given day are such that erosion can occur for the maximum wind speed for
that day, Erosion submodel routines are called to calculate soil loss and deposition.  Soil
erosion by wind is initiated when the wind speed exceeds the saltation threshold speed for a
given soil and biomass condition.  After initiation, the duration and severity of an erosion
event depend on the wind speeds and the evolution of the surface conditions. 

WEPS Model Use

WEPS is a comprehensive wind erosion model with many options for inputs and outputs.  For
basic simulations however, WEPS 1.0 is simple to operate.  Only four types of information
are entered on the main screen:  1) description of the simulation region geometry by defining
the field dimensions and field orientation;  2) select the field location for which to generate
simulated weather;  3) select the soil;  and 4) select a management scenario.  For U.S.
simulations, the last three may be selected from lists provided with the WEPS model or from
NRCS.  New input files will usually be created using previous input files as templates
modified within the user-interface.  By varying inputs, particularly the field management, the
user can compare various alternatives to control soil loss by wind.  Interpreting the outputs
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of WEPS is an integral part of using WEPS as a tool to develop conservation plans for
controlling wind erosion.  WEPS provides options for viewing very detailed outputs by
periods (default is two weeks) including soil loss as saltation/creep, suspension, and PM10.
Period output is also available for weather parameters such as wind energy, as well as surface
conditions such as soil erodibility and biomass amounts.  Such information is useful in
determining which period is resulting in severe erosion and the conditions that are
contributing to the loss.  WEPS outputs also include amount of loss for each direction which
aid the user in the placement of barriers, strip cropping, or other directional erosion control
methods.  More detailed features of WEPS and information on use of WEPS outside the U.S.
are covered later in this manual.  WEPS also has a Multiple Run Management View option
to allow easier comparisons of alternative outputs.

Conclusion

The Wind Erosion Prediction System is a process-based, daily time-step model that simulates
weather, field conditions, and erosion.  WEPS development was in response to customer
requests for improved wind erosion technology.  It is intended to replace the predominately
empirical Wind Erosion Equation as a prediction tool for those who plan soil conservation
systems, conduct environmental planning, or assess offsite impacts caused by wind erosion.
The WEPS model is continually being improved with periodic updates.  Plans are in place to
develop the following enhancements to WEPS for future upgrades:  i) provide plant damage
estimates,  ii) integration with the Water Erosion Prediction Project (WEPP) model, iii) add
capabilities for other, non-cropped lands,  iv) predict visibility effects of dust storms, v) dust
prediction via weather forecasting,  vi) prediction of PM2.5 and PM-coarse (PM10 minus
PM2.5), and vii) include capabilities for complex fields in terms of relief, multiple soils, crops,
and management on one simulated field.
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Map Unit Legend

Nye County, Nevada, Southwest Part (NV785)

Map Unit Symbol Map Unit Name Acres in AOI Percent of AOI

2020 Weiser-Canoto association 10.6 0.6%

2053 Yermo-Greyeagle-Arizo
association

286.6 16.0%

2054 Yermo, hot-Yermo-Arizo
association

1,221.7 68.2%

2393 Commski-Yermo association 271.5 15.2%

Totals for Area of Interest 1,790.3 100.0%
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Initial Field Conditions Data
Soil ID NV785-2053-Arizo-15-STV_SL-Nevada-Nye County-Nye County, Nevada, Southwest Part
Taxorder Entisols
Number of soil layers 2
Layer thickness (mm) 200  1320  
Organic matter (kg/kg) 0.002  0.002  
Sand fraction 0.666  0.960  
Silt fraction 0.234  0.015  
Clay fraction 0.100  0.025  
Rock fragments 0.580  0.570  
Sand fraction very coarse 0.045  0.007  
Sand fraction coarse 0.137  0.131  
Sand fraction medium 0.167  0.372  
Sand fraction fine 0.200  0.378  
Sand fraction very fine 0.117  0.072  
Bulk Density (1/3 bar)(Mg/m^3) 1.550  1.550  
Initial Bulk Density (1/3 bar)(Mg/m^3) 1.550  1.550  
Aggregate geometric mean diameter (mm) 1.628  3.852  
Aggregate geometric standard deviation 11.146  14.376  
Maximum aggregate size (mm) 30.938  35.162  
Minimum aggregate size (mm) 0.010  0.010  
Aggregate density (Mg/m^3) 1.800  1.800  
Aggregate stability (ln(J/m^2)) 2.162  1.208  
Dummy 0.010
Crust thickness (mm) 1.800
Crust density (Mg/m^3) 2.16
Crust stability (ln(J/m^2)) 0.00
Crust surface fraction (m^2/m^2) 0.00
Mass of loose material on crust (kg/m^2) 0.00
Fraction of loose material on crust (m^2/m^2) 4.00
Random roughness (mm) 0.00
Ridge orientation (deg) 0.00
Ridge height (mm) 10.00
Spacing between ridge tops (mm) 10.00
Initial soil water content (m^3/m^3) 0.039  0.018  
Saturation soil water content (m^3/m^3) 0.411  0.313  
Field capacity water content (m^3/m^3) 0.055  0.030  
Wilting point water content (m^3/m^3) 0.023  0.007  
Soil CB value (exponent to Campbell's SWRC) 4.907  3.957  
Air entry potential (J/kg) -0.810  -0.423  
Saturated hydraulic conductivity (m/s) 2.8E-5  4.23E-4  
Ridge width (mm) 0.340
Dry soil albedo (fraction) 0.100
Soil PH (0-14) 8.20  8.20  
Calcium carbonate equivalent (CaCO3) 0.03  0.10  
Cation exchange capacity (CEC) (meq/100g) 6.50  1.50  
Linear extensibility 1.500  1.500  
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 INTRODUCTION 

This Construction Quality Assurance (CQA) Plan is for Disposal Trench 13 at the US Ecology 

Nevada, Inc. (USEN) Hazardous Waste Management Facility (HWMF), located about 11 miles 

south of Beatty, Nevada, in Nye County.  The CQA Plan has been prepared to comply with the 

requirements of HW Permit Number NEV HW0025 dated December 8, 2011 (RCRA Permit).  

The CQA Plan has been developed under the direction of a professional engineer registered in the 

state of Nevada.  The Plan describes the design features and procedures to be employed in the 

construction of Trench 13. 

USEN is proposing to construct a new hazardous waste disposal unit (Trench 13) at the Beatty 

facility to increase waste disposal capacity.  This CQA Plan presents the design concept used to 

develop the below-grade and above-grade portions of the trench and details of its construction. 

Appendices to this CQA Plan include: 

• Appendix A,  Trench 13 design drawings; 

• Appendix B,  Construction materials specifications; and 

• Appendix C,  Construction methods and quality control requirements. 

This CQA Plan addresses the development of Trench 13 in five Phases, Phases 13A, 13B, 13C, 

13D, and 13E.  In the CQA Plan and Appendices, references to the trench or disposal unit usually 

apply to the total below-grade and above-grade portion of Trench 13, and references to cells 

usually apply to the individual Phases of Trench 13 development.  The phased cells could be 

constructed and begin operations either separately or concurrently depending upon final 

development scheduling as determined by USEN.  This CQA Plan is intended to be equally 

applicable to independent or concurrent development of Phases 13A, 13B, 13C, 13D, and/or 13E.  
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 DISPOSAL TRENCH DESIGN CONCEPT 

2.1 DESIGN CONCEPT 

The disposal structure of Trench 13 was designed considering the following design parameters. 

• The disposal structure must provide a disposal volume that is consistent with the high cost 
of its construction.  The configuration presented in this Plan provides a total disposal 
capacity of over 8.6 million cubic yards, with approximately 4.2 million cubic yards as 
below-grade disposal and 4.4 million cubic yards as above-grade disposal. 

• Trench excavation and disposed waste position must be consistent with applicable 
regulatory requirements, including the lease agreement between USEN and the State of 
Nevada for the property on which Trench 13 is located.  The configuration presented is 
consistent with these requirements, based upon frequent discussions between USEN and 
NDEP during design.  Significant aspects of this consistency with requirements include the 
following. 

• The disposal structure, including the final cover, is designed (and will be constructed) to 
be entirely located within the legal metes and bounds of the facility property, as agreed 
upon between USEN and the State of Nevada. 

• The structure will be designed with access to other facility components, including entrance 
facilities, such as offices, truck scale and laboratory; and operational facilities including 
shops, waste stabilization facilities, and wash points. 

• The structure will be capable of being constructed using conventional earthwork 
equipment. 

• The final (covered) trench configuration will have stable, maintenance-free outer slopes, 
considering normal static loading and seismic-induced loading associated with the 
prescribed design conditions.  On the basis of stability evaluation, it was determined that 
the perimeter slopes of the final cover can be approximately three units horizontal to one 
unit vertical (3H:1V).  The flatter top section of the final cover should be approximately 
20 units horizontal to one unit vertical (20H:1V) slope until the transition to the steeper 
perimeter slopes.  This slope provides sufficient stability of the final cell configuration and 
allows for surface water runoff. 

2.1.1 Below-Grade  

Important aspects of the below-grade design concept include the following: 

• Trench 13 will be excavated to a maximum depth below original ground surface of 
approximately 75 feet: 

• Trench 13 excavated sidewalls will be approximately 0.5H:1.0V or approximately 63.5 
degrees below horizontal; and 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Trench 13 Construction Quality Assurance Plan Revision 1: March 2016 

 2-2 

• Trench 13 will have a composite liner satisfying Federal and State requirements.   

2.1.2 Above-Grade 

Above-grade waste disposal will proceed with outer waste and interim cover slopes of 3H:1V and 

a final maximum elevation (top of final cover) of 2860 feet NGVD.  The Trench 13 final cover 

will be a monolithic profile designed specifically for the low precipitation, arid setting of the Beatty 

facility incorporating a surficial material on steeper slopes intended to resist erosion during the 

initial years following closure when vegetation coverage (and surface stabilization provided by 

vegetation) is minimal.  

2.2 SUBGRADE DESIGN 

2.2.1 Trench Excavation 

Trench 13 site preparation activities include removal and replacement of a small portion of an 

upper, low cohesion, soil layer.  Improvement of this surface layer will be followed by trench 

excavation, trench subgrade and slope preparation (including leak detection system (LDS) riser 

recesses cut into the side walls, installation of prepared subgrade, and construction of LDS and 

leachate collection and recovery system (LCRS) sumps).  Liner placement on the trench floor and 

side walls (including excavation of a perimeter liner anchor trench) will follow excavation and 

subgrade preparation.  The Trench 13 design was developed to facilitate landfill construction in 

five Phases, with the initial Phase (Phase A), and then proceeding with subsequent Phases (Phases 

B, C, D, and E). 

2.2.2 Liner System Description 

The below-grade portions of Trench 13 employ a liner system consistent with the liner system 

specified by the RCRA Hazardous and Solid Waste Amendments (HSWA) of 1984 as minimum 

technological requirements (MTR) to prevent the migration of hazardous wastes from land 

disposal units to groundwater and the surrounding environment.  The liner system is identical, with 

changes (as necessary) to utilize materials that are currently manufactured and available, to the 

liner system that was approved and used in Trench 12 and satisfies applicable Federal and State 

requirements.  Details on how the liner system meets the MTR is further discussed in the Trench 

13 Landfill Engineering Report (Section 5.3). 
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The basic liner system is comprised of the following elements (in order from the deepest to the 

shallowest): 

• Prepared subgrade on the floor only (minimum nine inches of material meeting a 1.0 x 10-

5 cm/sec permeability specification), 

• Geosynthetic-clay liner (GCL), 

• 60-mil (0.060 inches thick) HDPE flexible membrane liner, 

• double-sided geocomposite, consisting of a geonet heat-bonded between two geotextiles 
(300-mil on the floor and 200-mil on the side slopes), 

• 80-mil HDPE flexible membrane liner, 

• 300-mil double-sided geocomposite (on the floor of the trench) and 200-mil geonet with 
overlying non-woven geotextile (on the trench side walls), and 

• 40-mil HDPE flexible membrane liner on trench sidewalls.  Note:  this material provides 
UV protection to the underlying geotextile and prevents precipitation from entering the 
sidewall geonet, but serves no hydraulic purpose relative to compliance with RCRA 
requirements for liners. 

The Trench 13 liner system base (subgrade) will be nine-inches (minimum) of compacted native 

soil subgrade beneath all trench floor areas except for LCRS sumps, where 36-inches of compacted 

soil subgrade will be placed beneath sump. 

The synthetic polyethylene liners used in the Trench 13 liner system are manufactured specifically 

for liquid containment purposes.  The quality of the geomembrane (also called flexible membrane 

liner or FML) material will be monitored by quality assurance/quality control (QA/QC) personnel 

so that the materials satisfy the required specifications (as presented in this CQA Plan).  

Manufacturer data on synthetic material resistance and strength, as well as USEN laboratory data 

for typical Beatty facility leachate, indicate that polyethylene liner materials are resistant to the 

wide range of chemicals likely to be disposed at the facility.   

2.2.3 Leachate Collection and Recovery System 

The Trench 13 double liner system incorporates an LCRS and LDS.  The LCRS is located above 

the primary liner, and is designed to collect and allow removal of liquids from within the disposal 

trench.  The LDS is located between the primary and secondary liner members, and its main 

function is to detect and remove leakage through the primary liner.   
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The LCRS is associated with the primary liner system.  The function of the LCRS is to intercept 

liquids infiltrating through the waste and to allow such liquid to flow toward and into the sumps 

for removal.  The typical sump configuration is shown on Drawing 0091.  Liquid is removed from 

the sumps using pumps and riser piping as shown on Drawings 009 and 010.  The components of 

the LCRS sump are configured and sized to accommodate the maximum anticipated leachate flows 

while maintaining a fluid head above the primary liner that will not exceed one foot.  In the event 

of pump failure, the primary LCRS liner system has a holding capacity equaling the liquid volume 

that could be generated during a 24-hour period following a 25-year precipitation event before 

exceedance of one foot of fluid head on the primary liner.  Flow and pump sizing calculations are 

provided in Appendix 2, Calculation C.04, of the Trench 13 Engineering Report. 

2.3 EXCAVATION SLOPE STABILITY EVALUATION 

Excavation slope stability is of primary concern during waste disposal operations when the 

excavated slopes are not buttressed by disposed waste.  After waste placement against the 

excavation sidewalls, the weight of disposed waste against the slopes will be sufficient to render 

the slopes stable under essentially any static or dynamic loading condition.  USEN experience at 

this facility, including experience gained through extensive subsurface investigation, geotechnical 

engineering evaluations, and actual performance of excavated slopes, has clearly demonstrated 

that the excavation depths and slopes planned for Trench 13 will provide the required stability 

during construction and below-grade disposal operations.  Slope stability calculations are provided 

in Appendix 2, Calculation C.02, of the Trench 13 Engineering Report.  A geotechnical evaluation, 

specific to the location of Trench 13, is included in Appendix 5 of the Trench 13 Engineering 

Report.  The geotechnical evaluation supports design assumptions. 

Important aspects of the slope stability evaluations are summarized below. 

• The 75-feet deep, 0.5H:1.0V excavation slopes were determined to be acceptably stable 
under static loading and pseudo-static loading (simulating ground motion from seismic 
activity).  That measure of stability is slopes with a safety factor (against failure) of at least 
1.5 during static loading and at least 1.0 during pseudo-static loading. 

• Of the possible deep-seated failure planes evaluated, the planes exhibiting the lowest safety 
                                                 

1  In this report, all Trench 13 Design Drawings are included in Appendix A. 
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factor (but still higher than minimum requirements) extended from near the base of the 
excavation slope to about 50 feet outside the excavation crest.   

• The period of time during which a deep-seated slope failure of this type is conceivable is 
very brief, likely only a few months in duration, since waste disposal in Trench 13 will 
begin to buttress the excavation slope, and increase safety factors, as soon as the first waste 
is placed against the base of the south trench side slope. 

2.4 RUN-ON/RUN-OFF CONTROL 

2.4.1 During Operations 

The facility is located on a rise in the desert valley floor formed by an alluvial fan.  This rise 

extends up-valley from the facility approximately 4.1 miles, forming an upstream drainage basin 

area of about 1.7 square miles.  Drainage from the remainder of the desert and surrounding 

mountains is provided by the normally dry Amargosa River channel and natural drainage swales 

in the desert, and would not impact the facility during a 100-year storm event. 

The Trench 13 design documents include measures to manage stormwater run-on and run-off 

during construction, disposal operations, and after final closure.  Stormwater control features are 

included on Drawings 012, 014, 015, 016, and 019.  The berms, channels, and a basin prevent run-

on from areas outside the Trench 13 foot print and direct runoff from the perimeter of an active 

Phase of Trench 13 to natural or enhanced drainage channels outside of the facility boundaries.   

Stormwater management features for Trench 13 include channels north and east of Trench 13 and 

a berm along the western portion of Trench 13.  The channel on the north and eastern limits of 

Trench 13 will include a 12 foot wide base with 3H:1V side walls.  The channel is designed to 

collect and transport the majority of stormwater run-off from the USEN facility, and has a carrying 

capacity greater than a 100-year, 24-hour precipitation event.   

A berm will be used on the western limits of Trench 13 to prevent run-on into the disposal cell 

from adjacent property to the west.  Both the channel and berm direct stormwater to natural 

channels just prior to discharge off-site. 

Stormwater falling inside the trench during disposal operations will be managed appropriately 

inside the trench as leachate or will be managed outside the trench as a waste.  There are no 

situations where leachate would be allowed to enter surface water outside the trench. 
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2.4.2 Post-Closure 

With regard to surface-water management, the final cover will prevent run-on from areas outside 

the final cover footprint from affecting the final cover or covered waste.  The final cover design 

incorporates measures intended to manage stormwater run-off from the cover and control cover 

material erosion.   

The orientation of the final cover of Trench 13 is such that the majority of stormwater run-off will 

be channelized and directed into on-site channels discussed in Section 2.4.1. 

2.5 SURFACE FACILITIES MODIFICATIONS 

2.5.1 Facilities Relocation 

No facility relocations are anticipated as part of Trench 13 construction or operation. 

2.5.2 Monitor Well Abandonment 

Monitor Well MW-327 is located within the footprint of Trench 13 Phase E.  At the time of Phase 

E construction, the well will be properly abandoned in accordance with regulatory requirements 

or replaced.  To prevent future issues with the foundation of Trench 13, the monitoring well will 

be plugged and abandoned with a neat cement grout backfill in accordance with specifications 

included in Appendix B, Section 5.3.  Groundwater monitoring and management is further 

discussed in Appendix 7 of the Trench 13 Engineering Report. 

2.5.3 Temporary Fence Relocation 

Trench 13 construction, including surface soil improvement, anchor trench excavation, and liner 

construction, will require earthmoving equipment traffic to pass close to the south boundary of 

current facility operations (i.e., the container management areas and areas associated with closed 

Trench 11).  In these areas, it might be necessary that construction equipment temporarily cross 

the area boundaries that are marked by fencing.  Temporary boundary fence relocation will be 

done in a manner that does not reduce facility security or permanently impact the final covers of 

Facility disposal sites.  The boundary fence, along with appropriate signage, will be relocated to 

the correct HWMF boundary following completion of Trench 13 excavation and liner construction. 
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 RESPONSIBILITY AND AUTHORITY 

The following paragraphs generally outline the areas of responsibility and lines of authority for 

each organization involved in Trench 13 construction.  This section is intended to establish the 

necessary lines of communication and the decision-making process for the execution of 

construction within the guidelines of this CQA Plan. 

3.1 PERMITTING AGENCIES 

The Nevada Department of Conservation and Natural Resources, Division of Environmental 

Protection (NDEP) is authorized by law to issue a permit for the construction of a hazardous waste 

management facility.  The Permitting Agency (or State) has the responsibility and authority to 

review and accept or reject any design revisions or requests for variance that are submitted by 

USEN after the permit is issued.  The agency also has the responsibility and authority to review 

all CQA documentation during or after facility construction to confirm that the facility was 

constructed in accordance with the facility operating permit. 

In addition, USEN is authorized by U.S. EPA to store and dispose of PCB wastes.  The U.S. EPA 

Administrator delegated authority to issue Approvals under TSCA to the Regional Administrator 

of Region 9 by U.S. EPA Delegation Order 12-5 issued January 9, 2008.  The Regional 

Administrator further delegated authority to issue Approval to the Director of the Waste 

Management Division by U.S. EPA Regional Order 1260.02D issued February 11, 2008. 

3.2 OPERATOR 

USEN is responsible for the operation of the HWMF.  The Operator has the authority to select and 

dismiss organizations charged with construction and quality assurance activities.  The Operator 

also has the authority to accept or reject reports and recommendations of the CQA Officer and the 

materials and workmanship of the contractor.  The Operator will also provide a Project Manager 

who will be responsible for coordinating and scheduling construction activities.  The construction 

supervisor will keep the Project Manager and Project Engineer informed of the construction 

progress. 
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3.3 PROJECT MANAGER 

The Project Manager is responsible for the design and construction of the Trench 13 disposal area 

at the Beatty facility.  This responsibility includes assuring the Permitting Agencies, by arranging 

for submission of CQA documentation, that the disposal area is constructed as specified in an 

approved design.  The Operator and Project Manager have the authority to select and dismiss 

organizations charged with CQA and construction activities.  The Project Manager also has the 

authority to accept or reject design plans and specifications, CQA Plans, reports and 

recommendations of the CQA Officer, and the materials and workmanship of any contractors. 

3.4 PROJECT ENGINEER 

USEN may retain the services of one or more Project Engineer(s) for the design and construction 

of Trench 13.  Each designated Project Engineer will be a registered professional engineer in the 

State of Nevada.  The Project Engineer is responsible for designing a hazardous waste land disposal 

facility that fulfills the operational requirements of the facility and the performance requirements 

of the Permitting Agency.  Design activities might not end until the facility is completed.  The 

Project Engineer might be requested to change some component designs if unexpected site 

conditions are encountered or changes in construction methodology occur that could adversely 

affect facility performance. 

Additional responsibility and authority can be delegated to the Project Engineer by the expressed 

consent of the Project Manager.  Additional responsibility and authority may include formulating 

and implementing a site-specific CQA Plan, periodic review of CQA documentation, modifying 

construction site activity, and specifying specific corrective measures in cases where deviation 

from the specified design or failure to meet design criteria, plans, and specifications is detected by 

CQA personnel. 

3.5 CONSTRUCTION QUALITY ASSURANCE CONTRACTOR 

3.5.1 CQA Officer 

The CQA Officer is the firm or individual responsible for observation, testing, and documentation 

of the activities related to construction quality assurance during the installation of the various 

materials, soil, and geosynthetics associated with the project.  The CQA Officer also is responsible 
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for issuing a final report to the Operator summarizing the observations and testing performed 

during the construction process, and certifying that the facility was constructed in accordance with 

the project specifications. 

3.5.2 CQA Personnel 

The overall responsibility of the CQA personnel is to perform those activities specified in the CQA 

Plan (e.g., inspection, sampling, and documentation).  At a minimum, CQA personnel will include 

a CQA Officer and the necessary supporting CQA personnel.  The CQA Officer will report to the 

Project Manager.  The specific responsibilities and authority of each of these individuals are 

defined in the CQA Plan and in the associated contractual agreements with USEN.  Specific 

responsibilities of the CQA Officer include: 

• Reviewing design criteria, plans, and specifications for clarity and completeness so that the 
CQA Plan can be implemented, and documenting their review; 

• Educating CQA personnel on CQA requirements and procedures; 

• Scheduling and coordinating CQA inspection activities, including surveying and quality 
control checks; 

• Reviewing survey data to assure that construction is proceeding in accordance with the 
design plans; 

• Directing and supporting CQA personnel in performing observations and tests by: 

o Confirming that the equipment is uniquely identified and the calibration of 
measuring and testing equipment is conducted, recorded properly, and the 
calibration status is indicated; 

o Confirming that the testing equipment, personnel, and procedures do not change 
over time or making sure that any changes do not adversely impact the inspection 
process; 

o Confirming that the test data are accurately recorded and maintained (this 
may involve selecting reported results and backtracking them to the original 
observation and test data sheets); 

o Verifying that the raw data are properly recorded, validated, reduced, summarized, 
and interpreted. 

• Providing to Project Manager and Project Engineer daily reports on the inspection results 
including: 
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o Identification of work that the CQA Officer believes should be accepted, rejected, 
or uncovered for observation, or that may require special testing, inspection, or 
approval;  

o Rejection of defective work and written verification that corrective 
measures are implemented; 

o Verifying that a contractor's performance is in accordance with the project 
specifications; 

o Reporting to the Project Managers immediately, any work that is not in compliance 
with the plans and specifications if corrective measures are not being taken; and 

o Reporting to the contractor results of all observations and tests as the work 
progresses and verifying that they are in conformance with the specified acceptance 
criteria; 

• For the supporting CQA personnel, specific responsibilities may include: 

o Performing independent on-site inspection of the work-in-progress to assess 
compliance with the facility design criteria, plans, and specifications; 

o Verifying that the equipment used in testing meets the test requirements and that 
the tests are conducted according to the standardized procedures defined by the 
CQA Plan; and 

o Reporting to the CQA Officer results of all inspections including work that is not 
of acceptable quality or that fails to meet the specified designs. 

3.5.3 Quality Assurance Laboratory 

The Quality Assurance Laboratory (or laboratories) is a party, independent from the Operator, 

Manufacturer, fabricator, transporter and Installer, responsible for conducting tests on samples of 

the various geosynthetic materials and/or soil obtained from the site.  The Quality Assurance 

Laboratory may be from the same firm as the CQA Officer. 

3.6 CHIEF SURVEYOR 

The Chief Surveyor will be responsible for assisting the Project Engineer with project layout, 

survey control, cross-sections and as-built drawings.  The Chief Surveyor will assist the Project 

Engineer with information necessary for the Project Engineer or CQA Officer to certify that the 

facility was constructed to the lines and grades indicated on the as-built drawings.  The CQA 
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Officer in concurrence with the Project Manager will ensure that the required surveying is 

performed for verification of compliance with the plans and specifications. 

3.7 EARTHWORK CONTRACTOR 

The Earthwork Contractor is the firm responsible for disposal area construction, placement of 

excavated soil as directed, and placement and compaction of soil fill.  The Earthwork Contractor 

will store equipment and materials in a manner that does not interfere with access to the facility or 

permanently impact areas not included in the USEN leased property. 

3.8 GEOSYNTHETIC MATERIAL MANUFACTURERS 

3.8.1 Geomembrane Manufacturer 

The Manufacturer is responsible for the production of geomembrane.  If required by contract, the 

Manufacturer also may be responsible for the fabrication and/or the transportation of the 

geomembrane rolls between the manufacturing facility and the fabricator and/or the site. 

3.8.2 Geotextile Manufacturer 

The Manufacturer is responsible for the production of geotextile rolls.  If required by contract, the 

Manufacturer also may be responsible for the transportation of the geotextile rolls between the 

manufacturing facility and the site. 

3.8.3 Geocomposite/Geonet Manufacturer 

The Manufacturer is responsible for the production of geocomposite and geonet.  If required by 

contract, the Manufacturer also may be responsible for the fabrication and/or the transportation of 

the geocomposite/geonet rolls between the manufacturing facility and the fabricator and/or the 

site. 

3.8.4 Geosynthetic Clay Liner (GCL) Manufacturer 

The Manufacturer is responsible for the production of the GCL from granulated bentonite and 

geotextile rolls.  If required by contract, the Manufacturer also may be responsible for the 

transportation of the GCL between the manufacturing facility and the site. 
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Throughout the remainder of this document the word "Manufacturer" will be used generically in 

reference to the respective geomembrane, geotextile, geocomposite/geonet, or GCL Manufacturer. 

3.9 GEOMEMBRANE FABRICATOR 

The Geomembrane Fabricator is responsible for the fabrication of geomembrane panels from 

geomembrane rolls.  If required by contract, the Fabricator also may be responsible for 

transportation of the geomembrane panels to the site.  The Fabricator and Manufacturer could be 

the same entity. 

3.10 GEOSYNTHETIC MATERIALS INSTALLER 

The Geosynthetic Materials Installer is responsible for the handling, storing, placing, seaming, 

temporary loading and other aspects of the geosynthetic material installation as required herein.  

The Geosynthetic Materials Installer is also responsible for submitting all quality control 

certificates to the Operator including, but not limited to, those from the geomembrane, geotextile, 

geocomposite, and GCL Manufacturer.  The Installer will store equipment and materials in a 

manner that does not interfere with access to the facility or permanently impact the buffer zone. 
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 CQA PERSONNEL QUALIFICATIONS 

4.1 CQA OFFICER 

The CQA Officer is the individual assigned singular responsibility for all aspects of the CQA Plan 

implementation.  On a day-to-day basis, the CQA Officer reports to the Project Manager.  The 

CQA Officer will possess adequate formal academic training in engineering, engineering geology, 

or closely associated disciplines and will possess sufficient practical, technical, and managerial 

experience to oversee successfully and implement construction quality assurance activities for 

hazardous waste management facilities.  The CQA Officer will be expected to ensure that 

communication of all CQA-related matters is conveyed to and acted upon by the affected 

organizations.  The CQA Officer will be a professional engineer registered in the State of Nevada. 

4.2 CQA INSPECTION PERSONNEL 

The CQA personnel will report to the CQA Officer.  The CQA personnel will possess adequate 

formal training and sufficient practical, technical, and administrative experience to execute and 

record inspection activities successfully.  This will include demonstrated knowledge of specific 

field practices relating to construction techniques used for hazardous waste management facilities, 

observation and testing procedures, equipment, documentation procedures and site safety. 

4.3 CHIEF SURVEYOR 

The Chief Surveyor will be land surveyor registered in the State of Nevada. 
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 MEETINGS 

5.1 PRE-BID MEETING 

A pre-bid meeting will be held at the project site to allow all geosynthetic materials, earthwork, 

and other services/materials bidders the opportunity to preview the facility and the working 

conditions.  The meeting will consist of a tour of the facility and the work area, followed by an 

overview of the work to be performed, the project schedule, and the project drawings and 

specifications. 

5.2 PRE-CONSTRUCTION MEETING 

A pre-construction meeting will be held on site prior to the start of the excavation and geosynthetic 

installation work.  At a minimum, the Operator, the Project Engineer, the Installer, the Earthwork 

Contractor, and the CQA Officer will be in attendance. 

The following topics will be addressed during this meeting. 

• Construction methods and projected scheduling. 

• Provide each party with all relevant documents and supporting information. 

• Review the project plans and specifications, including addenda to this document, with each 
party. 

• Familiarize each organization with this plan and its role relative to the design criteria, plans, 
and specifications. 

• Determine any changes to this plan that are needed to ensure that the facility will be 
constructed to meet or exceed the specified design. 

• Review methods for documenting and reporting inspection data. 

• Review the responsibilities of each party. 

• Review the lines of authority and communication with each party. 

• Review work area security and safety protocol. 

• Review the procedures for observation, testing, and documentation required of each party.  
This review will include a discussion of sampling and testing strategies. 

• Review the methods for handling construction deficiencies, repairs, and re-testing. 

• Review the methods for establishing pay quantities. 
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• Review the methods for distributing and storing material samples, documents and reports. 

• Review the methods for the prevention of damage to the construction materials from 
inclement weather or other adverse events. 

• Conduct a tour of the facility and the work area to review construction conditions and 
material and equipment storage locations. 

The pre-construction meeting will be documented by the CQA Officer or other party designated 

at the beginning of the meeting.  The minutes of the pre-construction meeting will become part of 

the official record of construction and will be transmitted to all appropriate parties. 

5.3 WEEKLY PROGRESS MEETINGS 

Progress meetings will be held at the work area on a regular basis unless otherwise specified by 

the Project Manager, at a minimum of once per week, with representatives of the Operator, 

Earthwork Contractor (during earth work construction), and CQA Officer and the Installer (during 

geosynthetic materials installation work) in attendance.  The purpose of the meetings will be to 

address the following: 

• Review the progress of the work and the overall project schedule; 

• Review the work activities and locations since the last meeting and subsequent to the next 
meeting; 

• Discuss unresolved construction deficiencies; 

• Discuss potential problem areas; and 

• Review recent observations and test data. 

The progress meetings will be documented by the CQA Officer or the Project Manager.  The 

meeting minutes will become part of the official construction record and will be transmitted to the 

Project Manager, Project Engineer and to all appropriate parties. 

5.4 CONSTRUCTION PROBLEM OR WORK DEFICIENCY MEETING 

A special meeting will be held when and if a problem or deficiency is present or is likely to occur.  

As a minimum, the problem or work deficiency meeting will be attended by the impacted parties, 

as appropriate, and the CQA Officer.  If the problem requires a design clarification or modification, 

the Project Engineer will be consulted. 
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The problem or work deficiency meeting will address the following: 

• Define and discuss the problem or deficiency or the potential for one to occur; 

• Review the potential solutions and the pros and cons associated with each; 

• Determine a course of action and notify the appropriate parties of such; and 

• Implement a corrective action plan to resolve the problem or deficiency or prevent one 
from occurring. 

The problem or work deficiency meeting will be documented by the CQA Officer.  The meeting 

minutes will become part of the official construction record and will be transmitted to all 

appropriate parties.  Documentation of the problem or deficiency is described in detail in 

Section 6.5. 
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 DOCUMENTATION 

6.1 PRE-CONSTRUCTION SUBMITTALS 

After award and at least one week prior to commencement of the work, the appropriate party will 

submit the following information to the Project Manager. 

6.1.1 Geomembrane Manufacturer 

The Manufacturer will provide a detailed description of quality control procedures for the 

manufacturing and testing of the geomembrane including, but not limited to, the following: 

• Geomembrane sampling and testing frequencies and procedures;  

• Explanation of the geomembrane roll numbers, lot numbers, and/or batch numbers; 

• A copy of each of the quality control certificates issued for the specific material to be 
utilized on this project; 

• A copy of each of the geomembrane Manufacturers' quality assurance testing methods and 
results of tests conducted on the material manufactured for this project; 

• A copy of the geomembrane Manufacturer's roll quality control certificates.  These will be 
supplied at a minimum frequency of one per every 50,000 square feet of' geomembrane 
material produced and supplied to this project and will indicate conformance with each of 
the properties listed in Appendix B.  These certificates will be issued only for the actual 
geomembrane rolls sampled and tested by the geomembrane Manufacturer or his 
representative; and 

• A list of actual property values for comparison to specifications for the geomembrane 
material being procured for this project. 

The Operator reserves the right to visit the geomembrane manufacturing facility at any time, 

particularly during production of materials specifically produced for this project.  The Operator 

reserves the right to refuse use of any geomembrane supplied without the proper quality control 

documentation. 

6.1.2 Geomembrane Fabricator 

The Fabricator will provide a detailed description of quality control procedures for the fabrication 

and testing of fabricated geomembrane panels including, but not limited to, the following: 

• Fabricated geomembrane roll seam sampling and testing frequencies and procedures; 
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• Explanation of the geomembrane roll numbers and panel numbers; and 

• A copy of the geomembrane fabricator's roll quality control certificates.  These will be 
supplied at a minimum frequency of one per every 50,000 square feet of geomembrane 
material fabricated and supplied to this project and will indicate conformance with each of 
the properties listed in Appendix B.  These certificates will be issued only for the actual 
geomembrane rolls sampled and tested by the geomembrane fabricator or his 
representative.   

The Operator reserves the right to visit the fabricating facility at any time, particularly during 

fabrication of materials produced for this project.  The Operator reserves the right to refuse use of 

any fabricated product without the proper quality control documentation. 

6.1.3 Geotextile Manufacturer 

The Manufacturer will provide a detailed description of quality control procedures for the 

manufacturing and testing of the geotextile including: 

• Geotextile sampling and testing frequencies and procedures; 

• Explanation of the geotextile roll numbers, lot numbers, and/or batch numbers; 

• A copy of each of the quality control certificates issued by the resin supplier for the specific 
material to be utilized on this project; 

• A copy of each of the geotextile Manufacturer's quality assurance testing methods and 
results for the resin utilized in manufacturing the material for this project; 

• A copy of the geotextile Manufacturer's roll quality control certificates.  These will be 
supplied at a minimum frequency of one per every 50,000 square feet of geotextile material 
produced and supplied to this project and will indicate conformance with each of the 
properties listed in Appendix B.  These certificates will be issued only for the actual 
geotextile, rolls sampled and tested by the geotextile Manufacturer or his representative; 
and 

• A detailed list of minimum property values for the geotextile material being produced for 
this project.   

The Operator reserves the right to visit the fabricating facility at any time, particularly during 

fabrication of materials produced for this project.  The Operator reserves the right to refuse use of 

any fabricated product without the proper quality control documentation. 
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6.1.4 Geocomposite/Geonet Manufacturer 

The Manufacturer will provide a detailed description of quality control procedures for the 

manufacturing and testing of the geocomposite including, but not limited to, the following. 

• Geocomposite/geonet sampling and testing frequencies and procedures;  

• Explanation of the geocomposite/geonet roll numbers, lot numbers, and/or batch numbers; 

• A copy of each of the quality control certificates issued for the specific material to be 
utilized on this project; 

• A copy of each of the geocomposite/geonet Manufacturers' quality assurance testing 
methods and results of tests conducted on the material manufactured for this project; 

• A copy of the geocomposite/geonet Manufacturer's roll quality control certificates.  These 
will be supplied at a minimum frequency of one per every 50,000 square feet of' 
geocomposite/geonet material produced and supplied to this project and will indicate 
conformance with each of the properties listed in Appendix B.  These certificates will be 
issued only for the actual geocomposite/geonet rolls sampled and tested by the 
geocomposite/geonet Manufacturer or his representative; and 

• A detailed list of minimum property values for the geocomposite/geonet material being 
produced for this project. 

The Operator reserves the right to visit the geocomposite/geonet manufacturing facility at any 

time, particularly during production of materials specifically produced for this project.  The 

Operator reserves the right to refuse use of any geocomposite/geonet supplied without the proper 

quality control documentation. 

6.1.5 Geosynthetic Clay-Liner Manufacturer 

The Manufacturer will provide a detailed description of quality control procedures for the 

manufacturing and testing of the geosynthetic clay liner (GCL) including, but not limited to, the 

following. 

• GCL sampling and testing frequencies and procedures; 

• Explanation of the GCL roll numbers, lot numbers, and/or batch numbers; 

• A copy of each of the quality control certificates issued by the supplier for the specific 
material (bentonite and geotextile) to be utilized on this project; 

• A copy of each of the GCL Manufacturer's quality assurance testing methods and results 
for the materials utilized in manufacturing the liner for this project; 

• A copy of the GCL Manufacturer's roll quality control certificate signed by a responsible 
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party of the GCL Manufacturer and indicating conformance with the material properties 
specifications provided in Appendix B.  These certificates will be issued only for the actual 
GCL rolls sampled and tested by the GCL Manufacturer or his representative.  Each quality 
control certificate will include roll identification numbers and results of quality control 
tests; and 

• A detailed list of minimum property values for the GCL material being produced for this 
project. 

The Operator reserves the right to visit the fabricating facility at any time, particularly during 

fabrication of materials produced for this project.  The Operator reserves the right to refuse use of 

any fabricated product without the proper quality control documentation. 

6.1.6 Installer 

The Installer will provide the following information: 

• A quality control manual for the installation, seaming, repairing and testing of 
geomembrane; 

• A detailed installation schedule for the project including, but not limited to, installation 
activities and dates and/or durations of the various activities; 

• Chemical and ultra-violet resistance properties of the polymeric thread to be used in sewing 
geotextiles; 

• Quality control certification for the extrudate material to be utilized on this project.  The 
certification will include identification of the results of testing for, as a minimum, specific 
gravity and melt index; and 

• A detailed geomembrane panel layout drawing or drawings.  The drawing(s) submitted will 
be of sufficient size and detail to distinguish the geomembrane panels and various features 
of the cell.  The Operator reserves the right to reject any drawings submitted and/or request 
additional information to be submitted to satisfy the intent of this specification. 

The Installer will be responsible for obtaining and submitting the geosynthetic materials 

information outlined in Section 6.1. 

6.2 DAILY RECORDKEEPING 

A summary report with supporting inspection data sheets will be prepared daily by the CQA 

Officer.  This report provides the chronological framework for identifying and recording all other 

reports.  At a minimum, the summary reports will include the following information: 

• Unique identifying sheet number for cross-referencing and document control; 
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• Date, project name, location, and other identification; 

• Data on weather conditions; 

• Reports on any meetings held and their results; 

• Equipment and personnel being worked in each location, including subcontractors; 

• Descriptions of areas being inspected and documented; 

• Description of off-site materials received, including any quality verification (vendor 
certification) documentation; 

• Descriptions of materials incorporated into cell construction; 

• Calibrations, or re-calibrations, of test equipment, including actions taken as a result of re-
calibration; 

• Decisions made regarding approval of units of material and/or corrective actions to be 
taken in instances of substandard quality; 

• Unique identifying sheet numbers of inspection data sheets and/or problem reporting and 
corrective measures reports used to substantiate the decisions described in the preceding 
item; and 

• Signature of the CQA Officer.  

An example of a typical Construction Quality Assurance Daily Report is included as 
Table CQA 1.   

6.3 INSPECTION DATA SHEETS 

All observations, and field and/or laboratory tests, will be recorded on an inspection data sheet.  

Typical sheets are included as Tables CQA 2 and CQA 3. 

At a minimum, the inspection data sheets will include the following information: 

• Unique identifying sheet number for cross-referencing and document control; 

• Description or title of the inspection activity; 

• Location of the inspection activity or location from which the sample increment was 
obtained; 

• Type of inspection activity; procedure used (reference to standard method when 
appropriate); 

• Recorded observation or test data, with all necessary calculations; 

• Results of the inspection activity; comparison with specification requirements; 

• Personnel involved in the inspection activity; and 
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• Signature of the appropriate CQA personnel and concurrence by the CQA Officer. 

6.4 LINER INSTALLATION SUBMITTALS 

The Installer will submit the following information to the CQA Officer or Project Manager during 

the installation process. 

• Daily reports detailing the names of personnel and their arrival and departure times, the 
progress of the work, the arrival of material on site, and any problems encountered. 

• Signed subgrade acceptance certificates for each of the areas prior to that area being 
covered by the geomembrane. 

• Quality control documentation for the various installation functions as required by this 
document. 

6.5 CONSTRUCTION PROBLEM IDENTIFICATION AND CORRECTIVE 
MEASURES REPORTS 

A problem is defined herein as an actual physical condition that is in some way significantly 

different or inconsistent with a project design feature, or an instance of material or workmanship 

that does not meet the specified design.  As appropriate, Construction Problem Identification and 

Corrective Measures Reports will be cross-referenced to specific inspection data sheets where the 

problem was identified.  A typical sheet is included as Table CQA 4.  At a minimum, they will 

include the following information: 

• Unique identifying sheet number for cross-referencing and document control; 

• Detailed description of the problem; 

• Location of the problem; 

• Results of QA Inspection and Tests, Deficiencies Observed, Actions Taken, and Corrective 
action of Contractor 

• Verbal Instructions Given; 

• Controversial Matters in Detail/Disagreements; 

• Final results/ Resolution/Correct Action; 

• Remarks; and 

• Signature of the appropriate CQA personnel and concurrence by the CQA Officer. 

Upon receiving the CQA Officer’s written concurrence, copies of the report will be sent to the 

Project Engineer for his comments and acceptance. 
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6.6 ACCEPTANCE OF COMPLETED COMPONENTS 

All daily inspection summary reports, inspection data sheets, and problem identification and 

corrective measures reports, will be reviewed by the CQA Officer. 

Upon completion of construction, the Project Manager or his designated representative and the 

CQA Officer will visit the facility for a final inspection of the completed disposal unit for 

compliance with the design.  An inspection report will be prepared by the CQA Officer outlining 

the results of the inspection and any corrective measures deemed necessary to correct deficiencies.  

Documentation of corrective measures will be attached to the inspection report once corrective 

measures are completed (see Table CQA 4). 

6.7 PROJECT COMPLETION SUBMITTALS 

Within two weeks following completion of the project the Installer will supply the 

following: 

• Geomembrane installation certification. 

• A warranty obtained from the geomembrane Manufacturer and the geomembrane 
Fabricator. 

• A warranty for the installation of the geosynthetic materials.  The warranty will cover 
installation-related defects for a period not less than one year following completion of the 
installation. 

The CQA Officer will submit a final certification report in accordance with Section 6.8 

within 30 days of completion of cell construction. 

6.8 FINAL DOCUMENTATION 

Within 30 days following completion of each Phase of construction, a final certification report 

must be submitted by the CQA Officer to the Project Manager.  The final certification report will 

include descriptions of each Phase of construction, construction materials, and quality assurance 

procedures.  As a minimum, the following information will be included: 

• Daily inspection summary reports; 

• Laboratory and field test results summary sheets for all testing required by this plan; 

• Problem identification and corrective measures reports; 
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• Acceptance reports; 

• Design clarification forms; 

• QA/QC submittals for geosynthetic materials; 

• Minutes of pre-construction meetings and weekly meetings; 

• Geomembrane repair summaries; and 

• As-built drawings. 

Inspection data sheets will be retained as backup.  This document must include certification of 

each construction component by the CQA Officer responsible for that Phase of construction.  This 

certification must be signed by a professional engineer registered in the State of Nevada.  This 

report will be reviewed by the Operator and submitted to the Permitting Agency. 
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 CONSTRUCTION SEQUENCE AND CQA PROCEDURES 

7.1 CONSTRUCTION SEQUENCE 

The design of Trench 13 was developed to facilitate construction of the landfill in five Phases.  At 

the time of preparation of this CQA Plan the intent is to begin with the easternmost portion of the 

Trench as the initial Phase, and a progression of development from east to west.  If the easternmost 

portion of Trench 13 is constructed as the initial landfill Phase, construction staging will likely 

occur to the west of that Phase.  As such, a portion of the adjoining Phase at each stage of 

development will require excavation to facilitate construction and operational traffic routes “into” 

and “out of” the active Trench Phase.  If necessary, this progression could be altered and started 

on the western portion of the Trench as the initial Phase, and a progression of development from 

the west to east. 

Construction and disposal operations will be closely coordinated to maintain continuous disposal 

operations and construction schedules.  The basic construction sequence for each Trench 13 below-

grade construction phase are expected to be as follows. 

1. Relocate fences in the construction area, if necessary. 

2. Provide temporary stormwater, erosion and sediment control.  Operator or Earthwork 
Contractor will file a Notice of Intent with the EPA for each phase of landfill construction 
and implement an approved Storm Water Pollution Prevention (SWPP) Plan to address the 
temporary construction conditions. 

3. Excavate non-cohesive surface soil around the perimeter of the construction area.  Replace 
with compacted soil.  

4. Excavate to final depth, incorporating LDS riser trenches (also herein called ‘recesses’) 
into the sidewall above the sumps as excavation progresses.  Construction access ramps 
likely will enter the trench from the east (in subsequent Phases). 

5. Construct subgrade with 9 inches (minimum) of compacted soil on floor bottom.  

6. Construct LDS and LCRS Sumps with 36 inches of prepared subgrade.  Amend prepared 
subgrade with Portland cement in the vicinity of the LDS sump and along sidewalls to 
improve constructability. 

7. Excavate liner anchor trench if not completed during surface recompaction. 
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8. Install sidewall liner components 

9. Install trench floor and sump liner and LDS/LCRS components. 

10. Submit required construction completion documentation and obtain NDEP approval for 
disposal of waste. 

Above-grade waste placement will commence when waste disposal in specific portions (e.g., Phase 

13A area) reaches original ground level.  The basic sequence for the Trench 13 above-grade waste 

placement and final cover placement are expected to be as follows. 

1. Dispose waste in Trench 13 above-grade area with careful elevation control, installing 
protective interim containment berm, maintaining internal drainage in active arears, and 
placing at least one foot of interim cover soil on the exterior edges of the waste surface. 

2. Continue waste, protective interim containment berm, and interim cover placement until 
the waste elevations shown on Drawing 011 are reached (note that elevations on the 
drawing are waste elevations, excluding interim cover).  

3. Confirm that waste elevations are appropriate for final cover placement, regrade waste as 
necessary. 

4. Place soil cover component layers to complete the final cover. 

7.2 CONSTRUCTION SPECIFICATIONS AND PROCEDURES 

Material and construction specifications and installation procedures for all components of Trench 

13 below-grade and above-grade construction are provided in Appendices B and C.  A summary 

of the specifications and procedures is provided below.   

7.2.1 Earthwork 

The below-grade portion of Trench 13 is designed with five Phases.  The excavation requirement 

is that the total depth of the trench will be about 75 feet below grade.  The slopes will be constructed 

at 0.5H:1.0V.  The walls will be smoothed (or masked, as discussed in Appendix C, Section 3.4.1) 

during excavation to remove protruding rocks and reduce depressions.  Earthwork material 

specifications are include in Appendix B, Section 3. 
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7.2.2 Liner Placement 

7.2.2.1 GCL Installation Procedure 

The procedures that are to be followed to install the GCL are provided in Appendix C, Section 5, 

as cited below. 

• Section 5.2:  Inspection of subgrade for material that could damage the GCL, and removal 
of such material. 

• Section 5.3:  GCL placement, and procedures for protection of the GCL material before 
and during placement of material on the GCL.  

• Section 5.4:  Techniques to bond GCL seams.  

7.2.2.2 Geocomposite and Geonet Installation Procedure 

Procedures to be followed to install geocomposite and geonet layers are provided in the various 

specifications in Appendix C, as identified below. 

• Sections 6.1, 6.2 and 6.3:  Geocomposite and geonet layers placement, and procedures for 
protection of the geocomposite and geonet layers material before and during placement of 
other material on top of these materials.  

• Section 6.4:  Techniques to bond geocomposite and geonet layers seams and to ensure 
continuity of flow. 

• Sections 6.5 and 6.6:  Techniques to repair damaged geocomposite and geonet layers, and 
to cover installed materials. 

7.2.2.3 Geomembrane Installation Procedure 

Procedures to be followed to install geomembranes are provided in the various specifications in 

Appendix C, as cited below. 

• Section 7.2:  Inspection of geomembrane bed for material that could puncture the 
geomembrane, and removal of such material. 

• Section 7.3:  Geomembrane placement, and procedures for protection of the geomembrane 
material before and during placement of material on the geomembrane. 

• Section 7.4:  Techniques to bond geomembrane seams. 

• Section 7.6:  Methods to be employed for repair of the liner system components. 
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7.2.2.4 Geotextile Installation Procedure 

Procedures to be followed to install geotextile layers are provided in the various specifications in 

Appendix C, as identified below. 

• Section 8:  Procedures to be followed to install geotextiles. 

7.2.3 Procedure for Confirming Line and Grade 

The procedure to be followed to confirm, by surveying methods, the line and grade of soil 

construction and waste placement is provided in Appendix C, Section 2. 

7.2.4 Quality Control Procedures 

The QC procedures to be followed by USEN for all aspects of Trench 13 construction are 

incorporated into the specifications included in this section and Appendix C. 
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Table CQA 1 
Construction Quality Assurance Daily Report 

 
Daily Report No.:   Prepared By: Date: _________ 
 

Weather Conditions:  

Work Summary:  

 

Health and  Safety 
Daily Safety Topic: 
 
Hazards Identified/Mitigation Taken: 

 Personnel and 
Equipment 

Work Performed 

Earthwork   

Liner and geotextile   

Surveying   
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 Table CQA 1 

CQA   

Others   

Meetings Held (cross reference to meeting notes) 
Meeting 1 

Purpose 

Attendees 

Results  

Meeting 2) 

CQA Inspections Conducted 
Type 
 

 
Location 
 

 
Results  
 

Materials Received On Site 
 

Quality Documentation Provided 
 

Construction Materials Used (item and location) 
 

Equipment Calibrated 
 

Corrective Action Taken 
 

Results (see Corrective Measure Report) 
 

Other Notes for This Daily Report 

CQA Signature  
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 Table CQA 2 

Table CQA 2: Lift Control Requirements 
Inspection Sheet Number: ______________ Location: ______________________________ 

Date: __________________________________________ 

Item Specifics Inspector 
EQUIPMENT USED   

Type   

Configuration   

Weight   

PASSES PER LIFT   

Lift Number   

MOISTURE CONTENT   

Adjustment Method Used   

Equilibration Time   

Quantity of Water Used   

LIFT THICKNESS   

Loose (inches)   

Compacted (inches)   

LIFT PLACEMENT   

Start Time   

Finish Time   

Observation Start/Complete   

GENERAL OBSERVATIONS 
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 Table CQA 3 

Table CQA 3:  Sample / Test Locations Report 

Inspection Sheet Number: ______________ Location: ____________________________________________________________ 

Date: __________________________________________ 
 

Sample 
Type Location Time 

Collected 
Collectors 

Initials Pass / Fail CQAO 
Approval Comments 

       

       

       

       

       

       

       

       

Field Analyses Test Method Requirement 
DN = Density (nuclear) ASTM D6938 every 2,000 yd3 
DS = Density (sand cone) ASTM D1556 every 10 DN samples 
MN = Moisture (nuclear) ASTM D6938 every 2,000 yd3 
Laboratory Analyses 
MO = Moisture (oven dry) ASTM D2216 every 10 MN samples 
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 Table CQA 4 

 

Table CQA 4:  Construction Problem Identification and Corrective Measures Report 
Corrective Measures Report Number: ___________________ Date:  ___________________ 

Inspection Sheet Number: _________________________ Date:  ___________________ 

Inspection Problem 

QA Inspection Location and Construction Activity 
 

 

 

Result of QA Inspection and Tests, Deficiencies Observed, Actions Taken, and Corrective Action of Contractor 
 

 

Verbal Instructions Given to Contractor 
 
 

Controversial Matters in Detail/Disagreements 
 

 

Resolution/Corrective Action (retest, rework) 
 
 

Remarks 
 

 

 

Inspector’s Signature 

 

Date CQA Officer Signature Date 
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Drawing Number  Drawing Title 

NV13-15-001 Cover Sheet 

NV13-15-002 Site Plan 

NV13-15-003 Northern and Southern Horizontal Control Line 

NV13-15-004 Western and Eastern Horizontal Control Line 

NV13-15-005 Subgrade Excavation 1 of 2 

NV13-15-006 Subgrade Excavation 2 of 2 

NV13-15-007 Subgrade Profiles 

NV13-15-008 Liner Details 

NV13-15-009 LCRS/LDS Sump Details 1 of 2 

NV13-15-010 LCRS/LDS Sump Details 2 of 2 

NV13-15-011 Final Waste Grade – Plan View 

NV13-15-012 Final Cover – Plan View 

NV13-15-013 Final Cover Profiles 

NV13-15-014 Surface Water Management 1 of 3 

NV13-15-015 Surface Water Management 2 of 3 

NV13-15-016 Surface Water Management 3 of 3 

NV13-15-017 Phase Construction 

NV13-15-018 Above-Grade Waste, Interim Protective Berm, and 
Cover Placement 

NV13-15-019 Final Cover Details 
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 CONSTRUCTION MATERIALS SPECIFICATIONS 

This presentation of construction materials specifications is supplemental to such information 

provided in project drawings.  In the event that information included herein is in any way 

incomplete or conflicts with that provided in project drawings, the project drawings are to be 

considered primary. 
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 SOIL MATERIALS 

Soil materials will consist of the predominantly sand and gravel soils obtained from stockpiles and 

the Trench 13 excavation area, supplemented as needed with imported soil materials.  Materials 

that cannot be satisfactorily placed and/or compacted to a stable condition will be designated as 

unsuitable.  Unsuitable materials will include trash, organic substances, large rocks2 or other 

materials determined to be unsuitable by the Project Manager.  These materials will be removed 

from the fill material and segregated from suitable soil. 

2.1 SPECIFICATION FOR SURFACE SOIL LAYER IMPROVEMENT 

2.1.1 Soil Specification A 

Soil materials for replacement of the loose surface soil layer will consist of site materials with no 

materials larger than six inches, 95% smaller than 3.0 inches, and between 5% and 20% passing 

the #200 sieve.  Suitable materials from direct excavation or stockpiles will be placed in lifts not 

exceeding 12 inches thick and compacted to 95 percent MDD (maximum dry density) by ASTM 

D 1557 at a moisture content between the OMC (optimum moisture content) and OMC +2 percent.  

Mixture with fine-grained soil amendment(s) is not required if the natural material satisfies the 

grain size specification. 

2.1.2 Soil Specification B 

This soil will be the same material and same grain sizes as provided in Section 2.1.1; however, 

there is no compaction or moisture content requirement. 

2.2 SPECIFICATION FOR LINER SUBGRADE ON TRENCH FLOOR AND IN 
SUMPS 

Soil materials for the liner subgrade layer will consist of site materials, amended as necessary with 

imported fine-grained materials to achieve the grain size specification.  The final subgrade soil 

will have not more than 10 percent (by weight) coarser than 1.0 inch and not less than 10 percent 

                                                 

2  Rocks more than six inches in diameter should be rare in suitable material and absent where excluded by 
gradation specification. 
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(by weight) smaller than the #200 sieve.  Suitable materials from direct excavation or stockpiles, 

will be approved by the CQA Officer, and will be placed in lifts not exceeding 12 inches thick 

(before compaction) and compacted to 95 percent MDD by ASTM D 1557 at a moisture content 

between the OMC and OMC +2 percent. 

2.3 GRAVEL MATERIALS FOR LDS/LCRS SUMPS AND TRENCH FLOOR 
PIPE BEDDING 

Gravel materials for use in LDS/LCRS sumps will consist of screened site materials with 100% 

smaller than 2.0 inches, not less than 90 smaller than 1.5 inches, not more than 15% smaller than 

0.75 inches, and not more than 5% smaller than the #4 sieve.  All gravel material will be stockpiled 

and placed in such a manner as to minimize the intrusion of fines and to minimize segregation of 

various gravel sizes.  Gravel materials for LDS and LCRS sumps, and for placement along LCRS 

piping, will be loosely placed with no compaction or moisture content specification. 

2.4 SELECT WASTE OPERATIONS LAYER 

The operations layer is not a bottom liner component, but its presence and material type are 

significant in hydrologic calculations completed as part of LCRS design.  It is the initial 30 inches 

of material placed above the liner across the bottom of each disposal cell (Phases 13A – 13E).  The 

operations layer is to be an SM (silty sand) material, by Universal Soil Classification System 

(ASTM D2487), can be comprised of clean soil, select waste, or a combination of clean soil and 

select waste.  The first foot (12 inches) of operations layer above the liner will be primarily (i.e., 

greater than 50 percent) sand, with a total of less than 50 percent gravel and silt/clay size particles.  

It will contain no particles larger than one inch.  Select waste streams will be discriminated based 

upon visual inspections and reference to generator knowledge.  Site stockpile soil will be screened 

prior to use.  The next 1.5 feet (18 inches) also should be SM material, but can contain particles up 

to 6.0 inches in diameter.  The select waste operations layer should be placed in two lifts (as noted 

above), as dry as is practical, and with as little passage of heavy equipment as is practical (before 

the full layer is in placed).  This layer has no compaction or moisture content specifications. 

2.5 INTERIM COVER LAYER SOIL 

Soil materials for the Trench 13 interim soil layer will contain no materials larger than 6.0 inches 
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except when determined by the design or quality assurance engineer, to be ‘de minimis’ (or 

minimal) by visual observation and rarely, if ever, in grain-to-grain contact.  If materials greater 

than 6.0 inches are included in the interim soil layer, it might be necessary to increase the thickness 

of the interim cover layer or the final cover layer to meet the objectives of the cover system.  

Suitable materials will be derived from direct excavation or stockpiles, non-hazardous soil 

materials, or from on-site screening of these materials.  Typically, this layer will be placed in a 

single lift.  Lift thickness will be measured and documented, but there is no compaction 

specification for this material, which will be placed as above-grade waste disposal proceeds. 

2.6 FINAL COVER LAYER SOIL 

The Final Cover Layer will consist of sand and gravel soils obtained from USEN stockpiles and 

from direct excavation.  Soil materials for the final cover layer will contain only minimal materials 

larger than 6.0 inches, 90 percent smaller than 1.0 inch, and not less than 5.0 percent passing the 

#200 sieve.  The presence of particles exceeding 6.0 inches in the final cover layer, do not affect 

the long-term moisture holding and moisture-releasing capacity of these soil layer so long as such 

materials are minimal constituents (by volume) of the final cover layers and are rarely, if ever, in 

grain-to-grain contact.  Particles of 6.0 inch and larger dimension can be judged acceptable in the 

final cover layer, by the design or quality assurance engineer, if ‘de minimis’ (or minimal) by 

visual observation.   

2.7 FINAL COVER DRAINAGES AND ROCK ARMORING 

Lateral drains are located on Trench 13 sideslopes and are constructed of final cover layer soils 

obtained from USEN stockpiles and from direct excavation, as further defined in Section 2.6.  The 

lateral drains will be lined with rock armoring material with a D50 of 2.0 inches or greater. 

Berms located on the 20H:1V upper deck of Trench 13 will be constructed of soil obtained from 

USEN stockpiles and from direct excavation.  The upper deck berms will be lined with rock 

armoring material with a D50 of 2.0 inches or greater. 

Flumes located on the 20H:1V upper deck of Trench 13 will be constructed of soil obtained from 

USEN stockpiles and from direct excavation.  The upper deck flumes will be lined with rock 

armoring material with a minimum D50 of 2.0 inches or greater. 
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Flumes located on the 3H:1V sideslopes of Trench 13 are constructed of final cover layer soils 

obtained from USEN stockpiles and from direct excavation, as further defined in Section 2.6.  The 

flumes will be lined with rock armoring material with a minimum D50 of 12.0 inches or rock 

armoring with a minimum D50 of 4.0 inches and interstitial spaces filled with cement grout. 

Access road drainages are sloped at 5 to 10 percent.  The access road and drainage will be 

constructed of soils obtained from USEN stockpiles and from direct excavation.  The access road 

drainages will be lined with rock material with a minimum D50 of 6.0 inches or grouted rock, as 

described previously. 

Rock armoring shall be hard, durable, angular to sub-rounded in shape, and free from cracks, shale, 

and organic matter.  All rock material shall be angular to sub-rounded and have a minimum specific 

gravity of 2.5 grams per cubic centimeter. 
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 LINER MATERIAL 

3.1 SACRIFICIAL LINER 

The flexible membrane liner (FML) or geomembrane materials will be made of new, high-density 

polyethylene (HDPE) or very flexible polyethylene (VFPE or LLDPE) materials.  The purpose of 

the sacrificial liner, as stated in the design report, is to protect the subsequent liner components 

from ultra-violet light and other environmental hazards.  Minimum specifications, unless other 

indicated, for the sacrificial HDPE liner are included in the table below. 

Minimum Specifications for 40 mil High Density Polyethylene Liner – No Texture: 

Property Test Method Value  
Thickness, minimum average, mil ASTM D5994 40 (0.040 inch) 
Density ASTM D792 0.94 gm/cm3 

3.2 GEOTEXTILE 

Geotextile for use in this project will consist of needle punched non-woven polypropylene 

materials designed and fabricated to meet the requirements of the project.  All geotextile is to be 

stored and installed in such a way as to prevent degradation by direct sunlight, wind, or mechanical 

damage.  

Unless otherwise indicated, specifications for geotextile materials are included in the tables below. 

Minimum Specifications for 10 ounce geotextile. 

Property Test Method Value  
Thickness, mil (in) ASTM D5199 100 (0.100) 
Mass per Unit Area oz/sq. yd (lbs/ft^2) ASTM D5261 10.0 (0.069) 
Strain at Yield, % ASTM D4632 50 
UV Resistance, %  ASTM D4355 70% after 500 hours 
Tensile Strength, lbs/in ASTM D4595 150  
 

Minimum Specifications for 16 ounce geotextile. 

Property Test Method Value  
Mass per Unit Area oz/sq. yd (lbs/ft^2) ASTM D5261 16.0 (0.11) 
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3.3 GEONET 

The geonet materials will be made of new, high-density polyethylene (HDPE) or very flexible 

polyethylene (VFPE) materials, as required by the design drawings, manufactured specifically for 

the purpose of liquid conveyance.  The geonet will have, unless otherwise indicated in these 

specifications or project drawings, the following minimum property values. 

Property Test Method Minimum Property Value 
Thickness, mil ASTM D 5199 200 (0.200 inch) 
Weight, lbs/ft^2 ASTM D 5261 0.162 
Tensile Strength, lb/in ASTM D 5035 45 
Transmissivity, gal/min·ft^2 ASTM D 4716 9.66 
Strain at Yield, % ASTM D 4595 23% 

3.4 GEOMEMBRANE 

The flexible membrane liner (FML) or geomembrane materials will be made of new, high-density 

polyethylene (HDPE) or very flexible polyethylene (VFPE or LLDPE) materials, as required by 

the design drawings, manufactured specifically for the purpose of liquid containment.  All 

geomembrane liner materials will have sufficient strength and resistance to chemical or ultraviolet 

radiation attack for the intended use.  Minimum specifications, unless otherwise indicated, for 

HDPE materials are included in the table below. 

General Requirements 

• Composition: High-density polyethylene (HDPE) containing no plasticizers, fillers, 
extenders, or chemical additives, except for the following: 

o Two to three percent by weight of carbon black to resin for ultraviolet resistance; 
and 

o Antioxidants and heat stabilizers, not to exceed 1.5 percent by weight, may be 
added as required for manufacturing. 

• Textured sheets should be textured on both sides to the same roughness. 

• Sheet width should be a minimum of 20 feet. 

Minimum Specifications for 80 mil High Density Polyethylene Liner – Textured on both sides 

Property Test Method Value  
Thickness, minimum average, mil ASTM D5994 76 (0.076 inch) 
Density ASTM D792 0.94 gm/cm3 
Tensile strength @ yield ASTM D6693 176 lb/in-width 
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Elongation @ yield ASTM D6693 13% 

Minimum Specifications for 80 mil High Density Polyethylene Liner – Textured on one side 

Property Test Method Value  
Thickness, minimum average, mil ASTM D5994 76 (0.076 inch) 
Density ASTM D792 0.94 gm/cm3 
Tensile strength @ yield ASTM D6693 176 lb/in-width 
Elongation @ yield ASTM D6693 13% 

Minimum Specifications for 60 mil High Density Polyethylene Liner – Textured on both sides 

Property Test Method Value  
Thickness, minimum average, mil ASTM D5994 57 (0.057 inch) 
Density ASTM D792 0.94 gm/cm3 
Tensile strength @ yield ASTM D6693 132 lb/in-width 
Elongation @ yield ASTM D6693 13% 

The Manufacturer will certify that the geomembrane has been inspected and quality-control tested 

during the manufacturing process, and that the materials are free of holes, blisters, undispersed 

raw materials, and contamination by foreign materials. 

In addition, the Manufacturer will certify that the geomembrane meets all strength and resistance 

requirements for the intended use. 

Documentation must be provided verifying that all factory welds meet the requirements for field 

seaming, and that the destructive and non-destructive testing required for field seaming has been 

performed also for factory seams. 

3.5 GEOCOMPOSITE 

The geocomposite is a geonet sandwiched between two layers of geotextile to create a double-

sided geocomposite.  The geocomposite final product and its components will have the following 

property values. 

Minimum specifications for the geocomposite material comprised on a 200 mil geonet bonded to 

two 6 ounce geotextile layers. 
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Minimum specifications for the geocomposite component 

Property Test Method Minimum Property Value 
Transmissivity, gal/min·ft  ASTM D4716 0.48 
Weight (Total), lbs/sq.ft ASTM D5261 0.25 

Minimum specifications for the geonet component 

Property Test Method Minimum Property Value 
Thickness, mil  ASTM D5199 200 
Tensile Strength, lb/in  ASTM D5035 50 
Unit Weight, lbs/sq. ft ASTM D-5261 0.162 

Minimum specifications for the geotextile component 

Property Test Method Minimum Property Value 
Unit Weight, oz/yd2  ASTM D5261 6 
Elongation @ yield, % ASTM D4632 50 
Permittivity, sec-1  ASTM D4491  1.5 
UV Resistance ASTM D4355 70% after 500 hours 

Minimum specifications for the geocomposite material comprised on a 300 mil geonet bonded to 

two 8 ounce geotextile layers. 

Minimum specifications for the geocomposite component. 

Property Test Method Minimum Property Value 
Transmissivity, gal/min·ft  ASTM D4716 4.35 

Minimum specifications for the geonet component. 

Property Test Method Minimum Property Value 
Thickness, mil  ASTM D5199 300 

Minimum specifications for the geotextile component. 

Property Test Method Minimum Property Value 
Unit Weight, oz/yd2  ASTM D5261 8 
Permittivity, sec-1  ASTM D4491  1.26 

3.6 GEOSYNTHETIC CLAY LINER (GCL) 

This liner system component is a reinforced GCL consisting of a layer of sodium bentonite 

between two nonwoven geotextiles.  The GCL will be manufactured by mechanically bonding the 

geotextiles using a needle punching process to enhance frictional and internal shear strength 

characteristics.  The final product will have the following minimum values. 
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Property Test Method Value  
Hydraulic Conductivity, cm/sec ASTM D5887 5.0E-9 
Bentonite Mass/Area, lb/ft2 ASTM D5993 0.75 (min) 
GCL Grab Strength, lbs/in MARV ASTM D6768 50 
GCL Strain @ Yield, % ASTM D4595 15 

The bentonite will be bonded between the confining geotextiles in a manner to ensure that the 

bentonite will not be displaced during handling, transportation, storage and installation, including 

cutting, patching, and fitting around penetrations. 

The geotextiles should be continuously inspected for broken needles with an inline metal detector.  

Broken needles should be removed from the geotextile.   

A minimum overlap guide-line and a construction match-line delineating the overlap zone should 

be imprinted with non-toxic ink on both edges of the GCL panel to ensure the accuracy of the 

seam.  These lines should be used during CQA to ensure the minimum overlap is achieved.  The 

minimum overlap guideline should indicate where the edge of the panel must be placed in order 

to achieve a full six inches of bentonite overlap for each panel.   
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 PIPING 

Pipe used for LCRS collectors, LCRS risers, and LDS risers will consist of steel, HDPE, and 

polyethylene pipe materials of the type and diameters specified in project drawings.  Collection 

piping will be of the diameter, wall thickness, and perforation detail indicated in project drawings.  

All piping connections will be made in accordance with Manufacturer recommendations. 

4.1 LCRS PIPING 

4.1.1 LCRS Collection Pipe (Bottom Section) 

The LCRS collection pipe is used to collect (by pumping) leachate from the LCRS sump.  The 

bottom section of the collection pipe is approximately 5 feet in length and 12-inch diameter SDR 

11 perforated HDPE pipe that is extrusion-welded at a 63.4 degree angle to a 1.0-inch thick, 20-

inch square HDPE flatstock base.  The LCRS collection pipe will have six 1/2-inch diameter holes 

spaced at 60 degrees radially around the pipe, and will have 24 holes per foot (3-inches on center). 

4.1.2 LCRS Collection Pipe to Long-Radius Transition (LCRS Riser Support) 

The transition (riser support) between the LCRS collection pipe and the LCRS long-radius bend 

pipe (described below) includes a 14-inch diameter, Schedule 60, Type 316 stainless steel pipe 

that is a minimum 21-inches in length, a 20-inch O.D. by 14-inch I.D. by 0.5-inch thick type 316 

stainless steel bearing plate with twelve 1.0-inch diameter by 6-inch long expansion type anchor 

bolts, a 14-inch to 12-inch Schedule 40 stainless steel reducer, and a 12-bolt stainless steel flange.  

The transitions will be set in a concrete foundation block which will transfer the LCRS long radius 

bend, riser pipe, and potential down-drag loads to the LCRS gravel. 

4.1.3 LCRS Long-Radius Bend 

The LCRS long radius bend will be 12-inch diameter Schedule 40 stainless steel pipe at a length 

of 20 feet.  The LCRS long-radius bend will offset the riser support block and LCRS collection 

pipe 3.5 feet from the upper sidewall, to clear the sump sidewall berm.  Manufacture of the 

necessary sweeping bend must not compromise the strength of the stainless steel.  The LCRS long 

radius bend will connect the LCRS riser transition and support block to the LCRS riser pipe.  The 
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bottom of the LCRS long radius bend will be welded to a 12-bolt stainless steel flange.  The top 

of the long radius bend will be butt-welded to the LCRS riser pipe. 

4.1.4 LCRS Riser Pipe 

The LCRS riser pipe will be 12-inch diameter Schedule 40 stainless steel pipe at a length to be 

field-determined.   

4.1.5 LCRS Riser Pipe and Long-Radius Bend Slip Cover 

The LCRS riser pipe and long-radius bend pipe will be sheathed with a slip cover made from 10 

foot sections of corrugated polyethylene pipe (CPEP) or acceptable alternative.  The CPEP will be 

split longitudinally and placed over the LCRS riser pipe. 

4.2 LDS PIPING 

4.2.1 LDS Collection Pipe 

The LDS collection pipe collects leachate from the LDS sump and will be 12-inch diameter SDR 

11 perforated HDPE pipe at a length to be field-determined.  The LDS collection pipe will have 

six 1/2-inch diameter holes spaced at 60 degrees radially around the pipe, and will have 24 holes 

per foot (3-inch on center).  

4.2.2 LDS Collection Tee 

The LDS collection tee will be 12-inch diameter SDR 11 perforated HDPE tee at a length to be 

field determined.  The LDS collection tee will have six 1/2-inch diameter holes spaced at 60 

degrees radially around the pipe, and will have 24 holes per foot.  The LDS collection tee will 

connect at its midpoint to the LDS collection pipe.  

4.2.3 LDS Elbows 

The LDS elbows will be 12-inch diameter SDR 11 HDPE pipe at a length to be field-determined.  

The first elbow will sweep at a 45 degree angle and will connect the lower section of the LDS riser 

pipe to the LDS collection pipe.  The second elbow will sweep at an 18 degree angle and will 

connect the lower section of the LDS riser pipe to the riser used in the sidewall recess.  The upper 

18 degree sweep must be gradual enough to allow installation of down-hole pump equipment. 
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4.2.4 LDS Riser Pipe 

The LDS riser pipe will be 12-inch diameter SDR 11 HDPE pipe at a length to be field determined.  

The pipe will sit in an 18-inch recessed cut in the sidewall of Trench 13 and will connect to the 

LDS elbows. 

4.3 LATERAL AND CENTERLINE LEACHATE COLLECTION PIPES 

The lateral and centerline leachate collection pipes will be 4-inch diameter SDR 11 perforated 

HDPE pipe.  The pipes will have two 3/8-inch diameter holes at 45 degrees below horizontal per 

lineal foot. 
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 CONCRETE 

5.1 LCRS RISER PIPE SUPPORT CONCRETE BLOCK 

The LCRS riser pipe support is a cast-in-place unit built of 4,000 psi concrete, using Type V 

sulfate-resistant cement.  The exterior dimensions of the concrete block are 24-inch by 24-inch by 

18-inch and is built in-place around the 14-inch Schedule 60 Type 316 stainless steel pipe of the 

LCRS collection pipe to long radius transition.  The concrete foundation block transfers the load 

of the riser pipe and potential down-drag loads to the LCRS gravel, thus preventing stress 

concentrations on the liner system. 

5.2 TOP OF SLOPE CONCRETE ANCHOR 

This is a concrete block with an adjustable U-bolt.  The block has no minimal strength 

requirements, is approximately 3-feet by 3-feet by 1.5-feet, is pre-cast, and has a 63.4 degree 

chamfer on the pipe side.  The U-bold is attached to the concrete anchor, on the chamfer side, with 

a ¾-inch by 4-inch long anchor bolt.  This component provides lateral restraint for the riser pipe 

while allowing vertical movement to accommodate settlement.   

5.3 NEAT CEMENT GROUT – MONITORING WELL ABANDONEMNT 

The final Phase of construction, Phase E, will require the abandonment of monitoring well MW-

327.  This well extends below the base of Trench 13.  To prevent future issues with the foundation 

of Trench 13, the monitoring well will be abandoned with a neat cement grout backfill.  The neat 

cement grout should be mixed with water in the proportion of five to six gallons of water per sack 

of cement (i.e., about 94 pounds).  Hydrated lime may be substituted for cement up to 10 percent 

by volume.  Between two and four pounds of bentonite powder should be added to the mix for 

each sack of cement used.  The neat cement grout will be pumped into place with a tremie pipe 

that extending to within 10 feet of the bottom. 

5.4 CEMENT GROUT – COVER DRAINAGE FEATURES 

Sideslope flumes and access road drainages require large rock material to provide sufficient 

tractive force resistance.  An alternative to large rock material includes use of rock material with 
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a minimum D50 of 4.0 inches and grouting of interstitial spaces.  The cement grout should have a 

minimum 28-day compressive strength of 2,500 pounds per square inch.   
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 INTRODUCTION 

The Construction Specifications document provides detailed discussion and specifications for 

the construction of the at-grade and below-grade features of Trench 13.  Within these 

Construction Specifications, the following reference convention is used: 

• References to material specifications are to Appendix B of the CQA Plan; and 

• References to design drawings are to Appendix A of the CQA Plan.  Drawings are 
referenced by the last three digits of their sequential number, e.g., Drawing NV13-15-007 
is referred to as Drawing 007. 

These Construction Specifications are supplemental to such information provided in project 

drawings.  In the event that information being included herein is in any way incomplete or 

conflicts with that provided in project drawings, the project drawings are to be considered 

primary. 
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 PHYSICAL LAYOUT 

This work will consist of the layout, by appropriate land survey methods, of excavation area limits 

and other construction details.  All components will be laid out in accordance with the location 

coordinates, lines and grades, and construction details shown on the project plans.  Staking will be 

verified in accordance with the project plans using appropriate land surveying and quality control 

inspection techniques. 

Verification of the constructed positions and dimensions (horizontal coordinates and elevation) of 

the excavated trench will be accomplished in accordance with the following: 

• Following excavation, a detailed survey of the excavated Trench 13 floor, prior to 
placement of 9-inch subgrade and following placement of 9-inch subgrade, should be 
completed.  The vertical control criterion for survey accuracy should be at least 0.1 feet, 
and comparison of actual and design grade should done on a 50-feet grid.  All grid 
intersections must be verified to include a minimum of 9 inches of compacted subgrade 
materials; 

• Following excavation of LCRS/LDS sumps, a detailed survey of the excavated sump floor 
must be made prior to placement of 36-inch subgrade and following placement of 36-inch 
subgrade placement.  The vertical control criterion for survey accuracy should be at least 
0.1 feet, and comparison of actual and design grade should be done on a 10-feet grid.  All 
grid intersections must be verified to include a minimum of 36 inches of compacted 
subgrade material; 

• Prior to Final Cover placement, a detailed survey of the waste and Interim Cover grade 
should be completed.  The vertical control criterion for survey accuracy should be at least 
0.25 feet, and comparison of actual and design grade should done on a 50-feet grid;  

• A survey of the Final Cover, using the same vertical and horizontal criteria as above, will 
be compared to the survey of the upper surface of the Interim Cover.  The comparison will 
confirm that 90 percent of the points of measurement (i.e., grid intersections on 50-ft grid) 
of total final cover thickness satisfy the minimum requirement of 2.0 feet and that there is 
no point of measurement where the total final cover thickness is more than 0.25 feet less 
than the design requirement of 2.0 feet; and 

• The CQA Officer will be responsible for verifying construction by checking survey data 
for compliance with the design drawings.  Any significant differences will be noted by the 
CQA Officer, and the Project Manager will be notified. 

A Land Surveyor licensed in the State of Nevada should supervise or perform all necessary 

surveying for the successful execution of the work.   
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Changes to the physical layout will have the approval of the Project Engineer prior to 

implementation. 

 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Trench 13 Construction Quality Assurance Plan Revision 1:  March 2016 
Appendix C - Construction Method Specifications 

 C-4 

 EARTHWORK 

Trench 13 earthwork activities include excavation and improvement of the surface soil layer, 

trench excavation, excavation of LCRS riser recesses, and final cover placement.  The Trench 13 

footprint is located on undeveloped land to the south of the existing facility, and should provide 

adequate space for excavation equipment to be operated and to transport excavated material to 

designated laydown locations. 

3.1 CONSTRUCTION LIMITS 

The excavation plan and horizontal limits of grading for Trench 13 are provided on Drawings 005 

and 006. 

3.1.1 Surface Soil Recompaction Excavation Limit 

Drawings 003 and 004 show the estimated horizontal limit of the excavation around the Trench 

13 perimeter for surface soil removal, replacement, and recompaction.  The actual vertical limits 

of the soil recompaction excavation will be based on field determination of the thickness of the 

loose (non-cohesive) surface soil layer.  

3.1.2 Anchor Trench Excavation Limit 

Anchor trench excavation details are shown on Drawings 003 and 004.  Anchor trench 

construction is to be done in conjunction with surface soil removal, replacement, and 

recompaction.  The detailed drawings illustrate the horizontal limits of the anchor trench around 

the entire footprint of Trench 13, as well as specific grading details required to properly mitigate 

against surface water run-on.  

3.1.3 Trench 13 Excavation Limit 

The excavation plan and horizontal limit of excavation for Trench 13 are provided on 

Drawings 005 and 006.  Excavation slopes are consistent at 0.5 feet horizontal to 1 foot vertical 

(0.5H:1.0V) for all Trench 13 side slopes.  A slope stability calculation located in the Trench 13 

Engineering Design Report (Appendix B) confirms the stability of the design.  Trench 13 sub-
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grade elevations and grades shown on Drawings 005 and 006 and are accompanied by a survey 

control point table.  The control points were established to ensure minimum slopes are met through 

all phases of Trench 13 construction, the horizontal control is the existing site coordinate system 

and vertical control is NAVD 1988 (elevations shown in feet).  

The Trench 13 subgrade is controlled by the elevation of the LDS/LCRS sumps for each respective 

Phase, with minimum floor slopes at 2.8 percent directing liquid flow to each Phase centerline and 

2.0 percent down the centerline of each respective Phase.  Floor slopes facilitate leachate drainage 

into each of the five sumps.  The subgrade slopes and elevations of each respective sump are 

identical in all Phases. 

A horizontal control line (HCL) provides the lateral limit of excavation as shown on Drawings 003 

and 004.  The HCL is determined from constraints on the lateral extent of waste as described in 

Chapter 1.0 of the CQA Plan.  The position of the HCL is consistent with the property lease 

agreement between USEN and the State of Nevada, and is about 80 feet from the south side of 

Trench 11 and existing USEN processing facility, 150 feet from the east edge of the dedicated 

USGS 40 acres (west of Trench 13), and 300 feet from the southern and eastern property lines of 

the USEN facility. 

Excavated soil materials will be stockpiled at facility locations determined by USEN to be 

appropriate for temporary or long-term soil stockpiling.  Some stockpiled materials will be reused 

as Trench 13 construction materials, including materials segregated by gradation and materials 

that will be selectively screened before reuse. 

3.2 SURFACE SOIL RECOMPACTION AREA – TRENCH PERIMETER 

3.2.1 Surface Soil Recompaction Excavation Limit 

A slope stability calculation, included in the Trench 13 Engineering Design Report (Appendix 2), 

indicates that sufficient stability can be achieved by removing and recompacting the surface soil 

layer.  Where the thickness of the replaced surface soil layer is 15 feet or less, the desired stability 

can be achieved when the replaced and compacted soil has a cohesion value of about 300 PSF.  

The desired cohesion can be achieved using the natural surface soil when recompacted to 95% 

MDD (by ASTM D 1557).  Where the replaced surface soil layer is more than 15 feet thick, further 
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measures will be necessary to provide a higher cohesive strength.  The determination of when 

higher cohesion is required, the specific cohesion requirement, and the means for achieving the 

higher cohesion will be determined on a case-by-case basis by the Project Engineer.  Material 

amendment and compaction specifications are provided in Section 2.1 of Appendix B.  Removal 

and recompaction of the surface soil around the Trench 13 perimeter must be completed prior to 

trench excavation. 

Appendix A, Drawings 003 and 004 show the expected limits of surface soil excavation.  The 

Project Engineer or CQA personnel will determine the actual depth of the surface soil 

recompaction excavation as excavation proceeds.  Geotechnical investigation, provided in 

Appendix 5 of the Trench 13 Engineering Design Report, provides estimates of the thickness of 

surface soil requiring removal, replacement, and recompaction.  The horizontal and vertical limits 

of the soil replacement excavation will be controlled to be as small an area (and volume) as is 

practical while assuring that the volume (and footprint) of surface soil removal, replacement, and 

recompaction is sufficiently large to include:  1) the horizontal plane that defines the position of 

the Trench 13 excavation at the base of the soil replacement excavation and 2) the limits of the 

liner anchor trench.  The minimum horizontal limits of the surface soil recompaction excavation, 

as shown on Drawings 003 and 004, are designed to satisfy these requirements. 

Surface soil recompaction inspection activities that will be conducted during fill conditioning, 

placement, and compaction include: 

• Testing of fill material characteristics; 

• Measurement of loose lift thickness; 

• Testing of the density and moisture content of the compacted fill; 

• Ensuring that the fill contains no organic or other deleterious materials; and 

• Observation of type of compaction equipment, number of passes, and uniformity of 
compaction coverage. 

Sampling and testing of the fill materials will be accomplished periodically to verify type, 

gradation, and compaction curves to ensure the fill materials meet the applicable construction and 

materials specifications.  The following minimum testing frequencies will be used. 

• Moisture-density tests and grain-size determinations will be done to confirm that the 
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material is acceptable and to determine fill compaction requirements.  At least five sets of 
such tests will be done.  The test results will be compared to the properties of materials 
tested during the development of the 2013 Design, to confirm that an acceptable cohesive 
strength can be obtained using natural materials 

• In-situ density tests will be performed at a minimum of one test per compacted lift or one 
test for every 2,000 cubic yards placed, whichever is less. 

A schedule of the soil placement inspection requirements is attached as Table C-1.  If the grain 

size analysis test results do not satisfy project specifications, the Project Engineer will be contacted 

to determine the acceptability of the fill material. 

In the event that density testing indicates that the target density is not achieved, the area within 

100 feet of the failing testing will be recompacted and retested.  Confirmation of satisfactory 

compaction in a re-compacted area will be by done by three satisfactory density tests, at locations 

selected to represent the entire 100 by 100 feet area, passing the density specification. 

3.3 TRENCH EXCAVATION 

The Trench 13 excavation will be made using conventional earthwork equipment and equipment 

operations and traffic patterns intended to allow the excavation process to proceed efficiently and 

in compliance with design criteria.  Accurate and continuous control by conventional or other 

survey methods, including electronic or GPS (global positioning satellite) equipment control, will 

be used to achieve and maintain uniform excavation slopes of 0.5H:1.0V on side walls from the 

top to bottom of excavations.  Special attention to excavation method and slope survey control will 

be required at side wall intersections (i.e., excavation corners) in order that the desired uniform 

intersection slope (0.71H:1.00V) is maintained from the top to bottom of excavation.  Deviations 

from the designed uniform slopes must be identified as soon as possible by daily (or more frequent) 

survey control and appropriate excavation adjustments made to re-achieve the design slopes as 

excavation proceeds  Deviations from design slopes must be reported to the CQA Office and 

Project Engineer. 

As trench sidewall excavation limits are reached, conventional construction equipment will be 

used to excavate the planar trench bottom.  Accurate and continuous control by conventional or 

other survey methods, including electronic or GPS equipment control, will be used to achieve and 

maintain uniform trench bottom elevations and slopes.   
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3.4 TRENCH SIDEWALLS 

3.4.1 Sidewall Preparation 

Irregularities are possible in the excavated surface of Trench 13 sidewalls.  The final sidewall 

surface might include angular or irregular surfaces that require additional attention to prevent stress 

concentrations that could locally compromise the performance of the liner system.  Such 

irregularities could include positive irregularities (e.g., projections into the trench air space) or 

negative irregularities (e.g., holes or pits extending into the sidewall soil).  In instances where the 

irregularities are high on the sidewall, soil removal or soil replacement might not be feasible, but 

the size and nature of the irregularity may warrant the application of masking measures before 

liner installation.  Masking measures may include the application of additional geotextile panels, 

geocomposite panels, or gunite/shotcrete materials.  Such masking/cushioning will be done before 

placement of the lowest component of the liner systems (i.e., the GCL layer).  The extent and 

degree of irregularity masking materials will be determined by the CQA Engineer.  Masking 

materials are not considered integral components of the LCRS/LDS liner system.  These 

masking/cushioning sub-liner geosynthetic panels will extend from the anchor trench, beneath the 

GCL liner layer, down the sidewall to positions at least five-feet vertically below the identified 

sidewall irregularities and at least two feet horizontally on each side. 

Corrective measures are applied to sidewall irregularities based upon the observed severity.  

Inspection of the sideslope surfaces and the determination of subsequent irregularity masking must 

be performed in the field by a qualified and licensed professional engineer.  Corrective measure 

may include additional geotextile panels, geocomposite panels, or gunite material as summarized 

below. 

• Typical prepared sideslopes (free of irregularities) will receive no masking. 

• Minor severity irregularities will be covered with non-woven geotextile panels (16-oz or 

heavier). 

• Moderate severity irregularities will be covered with a sacrificial double-sided 

geocomposite panel (either 200 or 300 mil).   
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• High severity irregularities will receive gunite materials to fill in or otherwise smooth the 

surface.  

Documentation in the construction records (e.g., daily reports) will include the location and 

estimated extent of the irregularity and the nature of action taken to address the irregularity. 

3.4.2 Slope Riser Trenched Recesses 

As shown in Detail 8 on Drawing 010, shallow recesses will be excavated into the trench sidewalls 

for placement of the LDS riser pipes that extend up the sidewalls from each of the five LDS sumps.  

The trenched recesses will allow the primary liner system (components above the primary HDPE 

geomembrane) to be installed above the secondary liner system and flush with trench sidewalls.  

The trenched recesses will be cut by backhoe or excavator as excavation proceeds.  Light-weight 

concrete (or other satisfactory fill material) will be used as necessary to fill the trenched recesses 

after the secondary liner and LDS piping are placed and restore a suitable sidewall surface over 

which the primary liner system can be placed.   

3.5 SELECT WASTE OPERATIONS LAYER 

The select waste operations layer should be placed in two lifts, as dry as is practical, and with as 

little passage of heavy equipment as is practical (before the full layer is in placed).  This layer has 

no compaction or moisture content specifications. 

Placement around the LCRS Riser should be done with small equipment such that care is taken 

not to damage or move the LCRS Riser.  Minor compaction might be necessary around the LCRS 

Riser to ensure stability. 

3.6 TRENCH BOTTOM SUBGRADE PREPARATION 

The excavated trench bottom locations will be overlain by a compacted subgrade material that will 

be a minimum of 9.0 inches thick beneath all portions of the trench bottom except for sump areas, 

and will be a minimum of 36.0 inches thick beneath the sump areas and along the sidewalls of the 

sump (See Drawing 008, Drawing 009, and Drawing 010 for details).  As illustrated on 

Drawings 005 and 006 (and explained in the notes), the subgrade will be constructed using survey 

control points in order to maintain grade throughout all Phases of construction.  These control 
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points are to be met after the placement of 9.0 inches (floor) and 36 inches (sump) of compacted 

subgrade material (minimum), and before the placement of the floor and sump liner system.  

The purposes of this prepared subgrade layer are to provide:  

• A smooth bearing surface for the geosynthetic components of the liner system;  

• A low permeability stratum (1 x 10-5 cm/sec hydraulic conductivity) as required by the 
RCRA Permit, and  

• Additional leachate adsorption capacity to supplement that of the GCL components. 

Testing done for Trench 12 confirmed that a 1x10-5 cm/sec hydraulic conductivity of subgrade 

materials can be achieved using either natural site excavated materials or natural materials mixed 

with another soil material.  This testing confirmed that the specified hydraulic conductivity can be 

achieved using site excavated soils when not more than 10 percent (by weight) of these soil 

materials is more coarse than about 1.0-inch and at least 10 percent (by weight) is smaller than the 

#200 sieve (silt and clay size particles).  USEN and/or its contractors will segregate and stockpile 

excavated materials satisfying the necessary grain-size specification for subgrade construction.  As 

necessary to achieve the grain-size specification, the natural materials will be screened (on site) 

and amended (as necessary) with fine-grained soil.  

The capacity of the proper gradation of subgrade material to achieve the hydraulic conductivity 

specification is documented in the Trench 12 Engineering Report Supplement3.  Quality control 

testing to confirm that the screened native material has the proper gradation will be determined by 

grain-size analyses of randomly located stockpile samples done at a frequency of one test per 2,000 

cubic yards of material stockpiled.  If the grain-size analysis test results do not satisfy project 

specifications, the Project Engineer will be contacted to determine the acceptability of the fill 

material. 

The subgrade layer will be placed and compacted to 95 percent of maximum dry density at a 

moisture content between the OMC and OMC +2%, as determined by ASTM D1557.  The 

achievement of the proper subgrade compaction requirement will be determined by in-situ density 

                                                 

3 AquAeTer, Inc.  Supplement – Landfill Report for Trench 12.  October 2007. 
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tests performed at a minimum of one test per each one test for every 10,000 square feet of subgrade 

placed.  A schedule of the subgrade placement inspection requirements is attached as Table C-1. 

The subgrade material and the constructed subgrade will be tested at one location for every 40,000 

square feet of constructed bottom and sump subgrade (200-ft grid and at least one test in each 

sump), remold to density target (±2 PCF) and moisture target (±1%).  Each sample will be of the 

full thickness of floor subgrade or a 12 inch lift of sump subgrade.  The following is used to confirm 

that the specified hydraulic properties are achieved. 

1. The constructed compacted subgrade will be field-tested to confirm achievement of 

the specified compaction properties (density and moisture content). 

2. Representative samples of the full thickness of constructed subgrade will be taken for 

laboratory analysis (hydraulic conductivity) of samples remolded to closely match the 

as-constructed density and moisture content. 

In the event that density testing indicates that the target density is not achieved, the area within 

100 feet of the failing testing will be recompacted and retested.  Confirmation of satisfactory 

compaction in a re-compacted area will be by done by three satisfactory density tests, at locations 

selected to represent the entire 100 by 100 feet area, passing the density specification.  

In the event that testing of constructed subgrade does not satisfy the hydraulic conductivity 

criterion (i.e., value is higher than 1 x 10-5 cm/sec), the “failure areas” will be reworked to full 

depth, recompacted, and retested to confirm that all applicable criteria are satisfied.  The reworked 

area will include all compacted subgrade within 100 feet horizontally from the failed test.  Each 

placement criterion applicable to compacted subgrade will be verified for the reworked area, 

including density, moisture content, thickness, and hydraulic conductivity. 

3.7 FINAL COVER CONSTRUCTION 

The Trench 13 final covers will incorporate the following soil components (from bottom to top). 

• Interim cover soil layer:  The first layer of the final cover is a lightly compacted native soil 
layer that provides waste containment during disposal operations and, in conjunction with 
the Final Cover Layer, retards the downward movement of infiltrating water by providing 
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temporary water-storage, which allows stored water to be returned to the atmosphere by 
evaporation and plant transpiration.  This layer will be at least 12-inches (1.0 foot) thick 
and extend across the cover to the natural ground surface on all sides of the Trenches. 

• Final cover soil layer:  This upper layer is a lightly compacted soil layer that resists erosion 
and, in conjunction with the Interim Cover Layer, retards the downward movement of 
infiltrating water by providing temporary water-storage, and allowing stored water to be 
returned to the atmosphere by evaporation and plant transpiration.  This layer will vary in 
thickness to allow the cover to be shaped; however, the layer will be least 24-inches (2.0 
feet) thick.  This layer will extend across the cover to the natural ground surface on all sides 
of the Trenches. 

• Drainage Features:  The final cover design includes a series of lateral drainages and down-
drains (flumes) that shed precipitation that does not infiltrate.  The goal of the drainages is 
to collect sheet flow prior to development of concentrated flow.  On 3H:1V sideslopes, this 
is accomplished with lateral drainages.  On the 20V:1V upper deck this is accomplished 
with surface berms.  All drainage features are constructed with soils from site sockpiles or 
direct excavation.  Drainage features include aggregate protective armoring. 

Soil materials for final cover construction will consist of the predominantly sand and gravel soils 

obtained from stockpiles and excavations, supplemented as needed with imported soil materials.  

Materials that cannot be satisfactorily placed and/or compacted to a stable condition will be 

designated as unsuitable.  Unsuitable materials will include trash, organic substances, large rocks, 

or other materials determined to be unsuitable by the Project Manager.  These materials will be 

removed from the fill material and segregated from suitable soil. 

3.7.1 Construction Specification for Interim Cover Layer Soil 

A low density is desirable for this layer of the final cover, as this is important to the moisture 

holding capacity and vegetation establishment properties of the soil.  Over-compaction could lead 

to reduced cover effectiveness and should be prevented.  A schedule of the interim cover layer 

placement inspection requirements is attached as Table C-1. 

3.7.2 Construction Specification for Final Cover Layer Soil 

The goal during Final Cover Layer placement is to achieve a low initial in-place density, typically 

not exceeding 85 percent maximum dry density (MDD) as determined by ASTM D 1557.  Specific 

testing will be done prior to placement of the Final Cover Layer as Phases are to be closed to 

determine MDD and optimum moisture content (OMC).  The lower density compaction 

requirement of the soil cover is important for the moisture holding capacity of the soil.  Over-
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compaction during initial construction could lead to reduced moisture holding effectiveness and 

inhibit establishment of vegetation, and should be prevented.  Areas of the final cover layer that 

became overly compacted, such as from repeated vehicle or equipment passage, will be loosened 

by shallow ripping.  Over time, material in the final cover will reach a density similar to those of 

native materials.   

There is no requirement for the thickness of lifts placed, only that the layer have a minimal 

achievable density.  The lower density compaction requirement of the soil cover is important for 

the moisture holding capacity of the soil.  Over-compaction could lead to reduced effectiveness, 

and should be prevented.  Areas of the final cover layer that become overly compacted, such as 

could result from repeated vehicle or equipment passage, will be loosened by shallow ripping or 

disking. 

All final cover surfaces should be smoothed by rolling or bulldozer back-dragging, to eliminate 

ridges or row contouring that might concentrate surface water flow.  Following slope preparation 

by earth shaping equipment, it might be necessary to use hand tools to eliminate small ridges left 

by equipment. 

Verification of the achievement of low density will be determined by in-situ density tests 

performed at a minimum of one test per each one test for every 10,000 square feet of cover placed.  

In the event that density testing indicates that the target density is not achieved, the area within 

100 feet of the failing testing will be re-compacted and retested.  Confirmation of satisfactory 

compaction in a re-compacted area will be by done by three satisfactory density tests, at locations 

selected to represent the entire 100 by 100 feet area, passing the density specification.  A schedule 

of the final cover layer placement inspection requirements is attached in Table C-1. 

3.7.3 Construction Specification for Cover Drainage Features 

Because the drainage features act as Final Cover, placement should be done to achieve a low initial 

in-place density, typically not exceeding 85 percent maximum dry density (MDD) as determined 

by ASTM D 1557 and further discussed in Section 3.7.2.  
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Rock materials, providing drainage armoring, will be installed following drainage feature 

construction.  Cement grout has been incorporated into the design, as an alternative to large rock 

material, on the access road drainages and on the 3H:1V sideslope flumes.   
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 GEOSYNTHETIC MATERIALS (GENERAL) 

The supplier of the geosynthetic materials will provide documentation confirming that the raw 

materials comply with the physical properties and performance requirements specified in 

Appendix B.  The CQA Officer will review this information to ensure that the test results indicate 

that the materials meet these specifications.  Documentation of the test results will be provided to 

the Project Engineer.  Any non-conformance will be documented and reported to the Project 

Manager for corrective action recommendations. 
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 GEOSYNTHETIC CLAY LINER (GCL) 

The GCL materials will comply with the properties listed in Appendix B. 

5.1 LABELING, PACKAGING, TRANSPORTATION AND STORAGE 

CQA personnel will verify that the proper documentation accompanies each delivery of GCL to 

the job site and that the GCL is properly stored and protected from damage.  The geomembrane 

material will be inspected by the CQA Officer to confirm that it is not damaged or to ensure that 

any damage observed is corrected.  Damage could include: 

• Puncture from nails or splinters; 

• Tears from operation of equipment or inadequate packaging; 

• Exposure to moisture or temperature extremes resulting in unusable material; or 

• Crumpling or tearing from inadequate packaging support. 

When damage to protective wrappers or outer material layers has occurred, careful examination of 

the underlying material by CQA personnel is required.  If damage is found, CQA personnel will 

carefully examine the entire shipment for damage and document the defect.  The Project Manager 

will be informed immediately of any damage to the geomembrane material. 

Labeling - Each GCL roll delivered should be labeled with the following, as a minimum: 

• Manufacturer's Name; 

• Product Identification; 

• Batch or lot number; 

• Roll Number; and 

• Roll length and width. 

Any roll delivered to the site without the proper labeling will, at the Project Manager's discretion, 

be rejected and subsequently removed from the site at the expense of the Manufacturer or Installer. 

Packaging - The GCL will be wound around a rigid core whose diameter is sufficient to facilitate 

handling.  The core is not necessarily intended to support the roll for lifting but should be 

sufficiently strong to prevent collapse during transit.   
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All rolls will be labeled and bagged in packaging that is moisture-proof and resistant to photo-

degradation by UV radiation.   

Transportation - The Manufacturer assumes responsibility for initially loading the GCL.  Shipping 

will be the responsibility of the party paying the freight.  Unloading, on-site handling and storage 

of the GCL are the responsibility of the Installer. 

A visual inspection of each roll should be made during unloading to identify if any packaging has 

been damaged.  Rolls with damaged packaging should be marked and set aside for further 

inspection.  The packaging should be repaired prior to being placed in storage.   

The party responsible for unloading the GCL should contact the Manufacturer prior to shipment 

to ascertain the appropriateness of the proposed unloading methods and equipment. 

Storage - Storage of the GCL rolls will be the responsibility of the Installer.  A dedicated storage 

area will be selected at the job site that is away from high traffic areas and is level, dry and well-

drained. 

Rolls should be stored in a manner that prevents sliding or rolling from the stacks and may be 

accomplished by the use of chock blocks or the dunnage shipped between rolls.  Rolls should be 

stacked at a height no higher than that at which the lifting apparatus can be safely handled 

(typically no higher than four).   

The location of temporary site storage should not be in areas where water can accumulate.  The 

rolls should be stored on high flat ground or elevated off the ground to avoid forming a dam that 

allows the ponding of water.  If storage platforms are used, the rolls should be continuously 

supported throughout their length. 

The rolls should not be stacked in a manner that allows deformation of the roll or thinning of the 

product at the points of contact to occur. 

All stored GCL materials and the accessory bentonite must be covered with a plastic sheet or 

tarpaulin until their installation. 
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The integrity and legibility of the labels will be preserved during storage. 

5.2 SUBGRADE PREPARATION 

The subgrade should be compacted (trench bottom) and graded or otherwise made smooth (trench 

bottom and sidewalls) prior to placement of the GCL.  The subgrade will be dry and free of debris 

and possible damaging material, such as  

• Vegetation, 

• Construction Debris, 

• Sticks, 

• Sharp projecting rocks, 

• Large void spaces, 

• Ice, 

• Abrupt elevation changes, 

• Standing water, 

• Cracks larger than one-quarter inch in width, 

• Any other foreign matter that could contact the GCL. 

Prior to GCL deployment on the Trench floor, the subgrade will be final-graded to fill in voids or 

cracks to provide a relatively smooth surface for the GCL.  At completion of this activity, no wheel 

ruts, footprints or other irregularities will exist in the subgrade.  Furthermore, all protrusions 

extending more than one-inch (2.54 cm) from the Trench floor surface will be removed, crushed 

or pushed into the surface manually or with a smooth-drum compactor.   

Trench sidewall areas that are judged to be too rough for GCL placement will be addressed, as 

described in Section 3.4.1. 

On a continuing basis, the project CQA Officer will verify acceptance of the subgrade by the GCL 

Installer.  It will be the GCL Installer’s responsibility thereafter to indicate to the Project Manager 

any change in the condition of the subgrade that could cause the subgrade to be out of compliance 

with any of the requirements listed in this section.   
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5.3 GCL INSTALLATION 

GCL rolls should be delivered to the working area of the site in their original packaging.  

Immediately prior to deployment, the packaging should be carefully removed without damaging 

the GCL.  The orientation of the GCL (i.e., which side faces up) should be in accordance with the 

Project Manager’s recommendations.  However, unless otherwise specified, the GCL should be 

installed such that the product name printed on one side of the GCL faces up. 

Suitable handling equipment is described below: 

• Spreader Bar Assembly - A spreader bar assembly should include both a core pipe or bar 
and a spreader bar beam.  The core pipe should be used to uniformly support the roll when 
inserted through the GCL core while the spreader bar beam will prevent chains or straps 
from chafing the roll edges. 

• Stinger - A stinger is a rigid pipe or rod with one end directly connected to a forklift or 
other handling equipment.  If a stinger is used, it should be fully inserted to its full length 
into the roll to prevent excessive bending of the roll when lifted. 

• Roller Cradles - Roller cradles consist of two large diameter rollers spaced approximately 
3 inches apart, which both support the GCL roll and allow it to freely unroll. The use of 
roller cradles should be permitted if the rollers support the entire width of the GCL roll. 

• Straps - Straps may be used to support the ends of spreader bars but are not recommended 
as the primary support mechanism.  As straps may damage the GCL where wrapped around 
the roll and generally do not provide sufficient uniform support to prevent roll bending or 
deformation, great care must be exercised when this option is used. 

The CQA Officer will verify that GCL installation is performed in accordance with the 

specification.  During installation, the following observations will be performed. 

• Observations to ensure that workers are not engaging in any activity that could damage the 
liner. 

• Observations to verity that the material is not damaged during the installation process. 

• Observations of the anchor trench to ensure that it has been constructed as specified in the 
design drawings.  Backfilling of the trench will be performed as soon as possible and 
compacted with care so as not to damage the GCL. 

• The GCL will be installed to minimize instances of excessive tension or wrinkles. 

• GCL panels should be placed so that edges are oriented parallel to steep slopes (trench 
sidewalls only).  In corners and other tight areas, panel deployment will be performed such 
that field seams are minimized. 

• Observations of the weather conditions (i.e., temperature, humidity, precipitation, and 
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wind) to ensure that they are acceptable for GCL placement.   

• Measurements to confirm that required overlaps of adjacent GCL panels were achieved, 
that proper temporary anchorage was used (e.g., sand bags or tires). 

As each GCL panel is placed, it will be inspected visually for tears, punctures, or other damage.  

To accomplish this, the panels will be traversed by CQA personnel in such a way that the entire 

surface is inspected.  Any defects will be marked for repair. 

The GCL must be dry when installed and will not be installed in standing water or during rain.  

The GCL will be covered with the overlying geomembrane as soon as is practical to prevent 

exposure to weather.  GCL that becomes hydrated must be replaced before placement of the 

overlying geomembrane. 

Equipment that could damage the GCL will not be allowed to travel directly on top of the material.  

Acceptable installation, therefore, can be accomplished such that the GCL is unrolled in front of 

the backwards-moving equipment.  If the installation equipment causes rutting of the subgrade, 

the subgrade must be restored to its originally accepted condition before placement continues.  

GCL rolls will not be released on the slope and allowed to unroll freely by gravity. 

Care must be taken to minimize the extent to which the GCL is dragged across the subgrade in 

order to avoid damage to the bottom surface of the GCL.  A temporary geosynthetic subgrade 

covering, commonly known as a slip sheet or rub sheet, may be used to reduce friction damage 

during placement. 

All GCL panels should lie flat on the underlying surface, with no wrinkles or folds, especially at 

the exposed edges of the panels.  The GCL will be installed in a relaxed condition and will be free 

of excessive tension or stress upon completion of the installation.  Stretching of the GCL to fit will 

not be allowed.  The GCL will be pulled tight to smooth out creases or irregularities in the runs. 

Only as much GCL will be deployed as can be covered at the end of the working day with soil, a 

geomembrane, or a temporary waterproof tarpaulin.  The GCL will not be left uncovered 

overnight.  If the GCL is hydrated when no confining stress is present, it may be necessary to 

remove and replace the hydrated material.  The Project Manager, CQA Officer, and GCL fabricator 

should be consulted for specific guidance if premature hydration occurs. 
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5.4 JOINING GCL PANELS 

The GCL will be placed so that panel edges are parallel to the direction of the slope.  Panel ends 

at the juncture between sidewalls and trench bottom should be overlapped by at least three feet.  

Joining of panel ends on steep sidewall slopes (i.e., trench 0.5:1.0 sidewalls) will not be allowed.  

Thus, full length seamless panels, overlapped by at least six inches on edges, are required for 

Trench 13 sidewalls.  All GCL edges on sidewalls will be heat-bonded.   

Similarly, GCL panels placed on the Trench floor must be overlapped by at least 12 inches on 

panel ends and by at least six inches on panel edges.  All GCL edges on the trench floor will be 

heat-bonded.  Seams at the ends of the panels should be constructed such that they are shingled in 

the direction of the grade to reduce the potential for runoff flow to enter the overlap zone.   

For joining panels on the trench floor, bentonite-enhanced seams are to be emplaced between the 

overlapping adjacent panels.  The underlying edge of the longitudinal overlap is exposed and then 

a continuous bead of granular sodium bentonite is applied along a zone defined by the edge of the 

underlying panel and the six-inch line.  A similar bead of granular sodium bentonite is applied at 

the end-of-roll overlap.  The bentonite will be applied at a minimum application rate of about one 

quarter pound per lineal foot of panel edges and ends. 

The granular bentonite or bentonite sealing compound used for seaming, penetration sealing, and 

repairs will be made from the same natural sodium bentonite as used in the GCL and will be as 

recommended by the GCL fabricator. 

5.5 DETAIL WORK AND PATCHING 

The GCL will be sealed around penetrations and embedded structures embedded in accordance 

with the design drawings. 

Cutting the GCL should be performed using a sharp utility knife.  Frequent blade changes are 

recommended to avoid damage to the geotextile components of the GCL during the cutting process 

or damage to any underlying geosynthetic materials. 
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If the GCL is damaged (torn, punctured, perforated, etc.) during installation, it may be possible to 

repair it by cutting a patch to fit over the damaged area.  The patch will be obtained from a new 

GCL roll and will be cut to size such that a minimum overlap of 12 inches is achieved around all 

of the damaged area.  Dry bentonite or bentonite mastic should be applied around the damaged 

area prior to placement of the patch.  It may be desirable to use heat bonding or an adhesive to 

affix the patch in place so that it is not displaced during placement of overlying liner material.  

These repair pieces should not be stapled.
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 GEOCOMPOSITE/GEONET 

The geocomposite and geonet materials will comply with the properties listed in Appendix B. 

6.1 LABELING, PACKAGING, TRANSPORTATION AND STORAGE 

The CQA Officer will check all delivery tickets and Manufacturer's quality control documentation 

to verify that all required shipping information is provided and to verify that the 

geocomposite/geonet rolls received meet the project specifications in Appendix B.  The 

geocomposite/geonet material also will be inspected by the CQA Officer to confirm that it is not 

damaged and to ensure that any damage is corrected.  Damage may include: 

• Puncture from nails or splinters; 

• Tears from operation of equipment or inadequate packaging; 

• Exposure to moisture or temperature extremes resulting in unusable material; or 

• Crumpling or tearing from inadequate packaging support. 

When damage to a protective wrapping or outer material layer has occurred, careful examination 

of the underlying material by CQA personnel is required.  If damage is found, CQA personnel will 

carefully examine the entire shipment for damage and document the defect.  The Project Manager 

will be informed immediately of any damage to the geocomposite/geonet material. 

Labeling - Each geocomposite/geonet roll delivered must be labeled with the following, as a 

minimum: 

• Manufacturer's Name; 

• Product Identification; 

• Batch or lot number; 

• Roll Number; and 

• Roll length and width. 

Any roll delivered to the site without the proper labeling will, at the Project Manager's discretion, 

be rejected and subsequently removed from the site at the expense of the Manufacturer or Installer. 
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Packaging - The geocomposite/geonet rolls will be wrapped in ultra-violet light-resistant 

packaging.  The rolls will be shipped to the job site in a manner not to damage the rolls.  The 

geocomposite/geonet will be wound around a rigid core whose diameter is sufficient to facilitate 

handling.  The core is not necessarily intended to support the roll for lifting but should be 

sufficiently strong to prevent collapse during transit.   

Transportation – The Manufacturer assumes responsibility for initially loading the 

geocomposite/geonet.  Shipping will be the responsibility of the party paying the freight.  

Unloading, on-site handling and storage of the geocomposite/geonet are the responsibility of the 

Installer. 

A visual inspection of each roll should be made during unloading to identify if any packaging has 

been damaged.  Rolls with damaged packaging should be marked and set aside for further 

inspection.  The packaging should be repaired prior to being placed in storage.   

The party responsible for unloading the geocomposite/geonet should contact the Manufacturer 

prior to shipment to ascertain the appropriateness of the proposed unloading methods and 

equipment. 

Storage - Storage of the geocomposite/geonet rolls will be the responsibility of the Installer.  A 

dedicated storage area will be selected at the job site that is away from high traffic areas and is 

level, dry and well-drained.  Rolls should be stored in a manner that prevents sliding or rolling 

from the stacks and may be accomplished by the use of chock blocks or by use of the dunnage 

shipped between rolls.  Rolls should be stacked at a height no higher than that at which the lifting 

apparatus can be safely handled (typically no higher than four).   

The integrity and legibility of the labels will be preserved during storage. 

6.2 SUBGRADE PREPARATION 

Geocomposite/geonet placement will be on top of other geosynthetic members of the liner system.  

Thus, only minimal surface preparation is expected to be necessary, such as sweeping or manual 

removal of soil, rock, or other solid material particles.  Before installing geocomposite/geonet 

material, the Installer will provide written certification to the CQA Officer that the surface on 
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which that geosynthetic material will be installed is acceptable.  A certification acceptance form 

is provided as Table C-2.  It will be the Installer’s responsibility thereafter to indicate to the Project 

Manager any change in the condition of this surface that could cause the geocomposites/geonet to 

be out of compliance with any of the requirements listed in this section. 

6.3 GEOCOMPOSITE/GEONET INSTALLATION 

Rolls should be delivered to the working area of the site in their original packaging.  Immediately 

prior to deployment, the packaging should be carefully removed without damaging the material.  

The subgrade should be free of foreign and organic material, sharp objects, or debris of any kind, 

which could potentially damage the geocomposite/geonet.  The rolls should be deployed using a 

spreader bar assembly or stinger attached to a loader bucket or by other methods approved by the 

Project Engineer.  The orientation of the geocomposite/geonet panels should be in accordance with 

the Project Manager’s recommendations.  On side slopes, the rolls must be deployed in the general 

direction of the maximum slope.  The deployment equipment must not damage the underlying 

subgrade or geosynthetic materials.  A smooth rub sheet may be needed for installation of the 

geocomposite/geonet over a textured geomembrane.  The rub sheet is placed between the 

geocomposite/geonet and the textured geomembrane to prevent damage to geocomposite/geonet 

during positioning.  The rub sheet must be removed after deployment.  Drainage net and 

geocomposite/geonet should be placed and secured in an anchor trench as shown on the project 

drawings.  Sandbags should be placed on leading edges of the panels to prevent wind uplift. 

Observations of the anchor trench should be made to ensure that it has been constructed as 

specified in the design drawings.  Backfilling of the anchor trench will be performed as soon as 

possible and compacted with care so as not to damage the geocomposite/geonet. 

6.4 JOINING GEOCOMPOSITE/GEONET PANELS 

As each geocomposite/geonet panel is placed, it will be inspected visually for tears, punctures, or 

other damage or defect.  To accomplish this, the panels will be traversed by CQA personnel in 

such a way that the entire surface is inspected.  Any defects will be marked on the 

geocomposite/geonet for repair.  Other general installation requirements include the following. 

• Works should not engage in any activity that could damage the material. 
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• The geocomposite/geonet will be installed to minimize instances of excessive tension or 
wrinkles. 

• The geocomposite/geonet panels will be placed such that panel end seams will be oriented 
parallel to steep slopes (trench sidewalls only).  In corners and other tight areas, panel 
deployment will be performed such that field seams are minimized. 

• Weather conditions (i.e., temperature, humidity, precipitation, and wind) will be observed 
to ensure that they are acceptable for geocomposite/geonet placement and seaming.   

• Measurements will be made to confirm that required overlaps of adjacent 
geocomposite/geonet e sheets were achieved, that proper temporary anchorage was used 
(e.g., sand bags or tires), and that specified temporary and final seaming 
materials/techniques were used. 

The adjacent edges of geocomposite/geonet panels must be overlapped by a minimum of 4 inches.  

Non-black (for visibility) plastic ties should be used at 5-feet intervals in the direction of the roll 

length to tie the drainage net panels.  Metallic ties will not be allowed.  Joining of panel ends on 

steep side slopes (i.e., 0.5:1.0 trench sidewalls) will not be allowed.  Thus, full length seamless 

panels (or panels incorporating only factory seams with complete QC documentation) are required 

on sidewalls.  The geotextile flaps of the adjacent panels should overlap a minimum of 6 inches 

and be continuously heat-bonded or sewn on all sides. 

The ends of drainage cores and filter fabrics (in the direction of flow) should be overlapped a 

minimum of 12 inches.  Drainage cores should be joined with ties at spacing not exceeding 6 

inches on center.  The top geotextiles covering the joined cores should be overlapped and sewn 

using a hand-held sewing machine or thermally bonded to provide a complete seal against backfill 

soil entering the drainage net core. 

Sidewall to floor transitions of geocomposite/geonets must include an overlap of 3.0 feet on the 

floor and 3.0 feet up the sidewall and a minimum total overlap of 6.0 feet.  The overlap will be 

joined at the sidewall upper edge with contrasting plastic ties at 2 feet intervals. 

The CQA Officer will perform the following inspections and observations to verify that field 

seaming operations are in accordance with these construction specifications. 
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6.5 DETAIL WORK AND PATCHING 

Cutting the geocomposite/geonet should be performed using an upward cutting hook blade.  Care 

must be taken to avoid damage to any underlying geosynthetic materials. 

If the geocomposite/geonet is damaged (torn, punctured, perforated, etc.) during installation, it 

may be possible to repair it by cutting a patch to fit over the damaged area.  The patch will be 

obtained from a new material roll and will be cut to size such that a minimum overlap of 12 inches 

is achieved around all of the damaged area. 

All repairs will be performed as soon as practicable and in accordance with the design 

specifications.  Each repair will be non-destructively tested for continuity.  All repairs will be 

documented including date, location, type, method used, operator, and apparatus. 

6.6 LINER MATERIAL COVER 

The trench floor geocomposite/geonet comprising the top of the liner system should be covered 

with a Select Waste Operations Layer (Section 2.5 of Appendix B) as soon as possible after 

placement.  The covering operation must not damage the geocomposite/geonet.  The cover material 

must be free of foreign and organic material, sharp objects, or debris of any kind that potentially 

could damage the geocomposite/geonet.  No construction equipment or machinery will be allowed 

to operate directly on top of the geocomposite/geonet.  The use of lightweight machinery (e.g., 

carts or wheeled generators) with low ground pressure is allowed. 
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 GEOMEMBRANE 

This item will consist of the installation of 40-mil (0.040 inch thick), 60-mil (0.060 inch thick), 

and 80-mil (0.080 inch thick) high density polyethylene (HDPE) flexible membrane liners meeting 

the materials requirements of Appendix B at locations shown on the project drawings 

(Appendix A).  The Manufacturer will provide certification that these materials meet the design 

requirements.  The Installer will provide a geomembrane panel layout prior to material placement.  

There are no 40-mil HDPE CQA installation requirements, as the layer serves only to protect the 

subsequent liner components from ultra-violet light and other environmental hazards. 

7.1 GEOMEMBRANE LABELING, DELIVERY, STORAGE, AND HANDLING 

The CQA Officer will check all delivery tickets and Manufacturer's quality control documentation 

to verify that all required shipping information is provided and to verify that the geomembrane 

rolls received on site meet the project specifications. 

The geomembrane material also will be inspected by the CQA Officer to confirm that it is not 

damaged and to ensure that any damage is corrected.  Damage could include: 

• Puncture from nails or splinters; 

• Tears from operation of equipment or inadequate packaging; 

• Exposure to temperature extremes resulting in unusable material; 

• Blocking, or  bonding together of adjacent membrane layers, that may be caused by 
excessive heat; or 

• Crumpling or tearing from inadequate packaging support. 

When damage to protective wrappers or outer material layers has occurred, careful examination of 

the underlying material by CQA personnel is required.  If damage is found, CQA personnel will 

carefully examine the entire shipment for damage and document the defect.  The Project Manager 

will be informed immediately of any damage to the geomembrane material. 
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Geomembrane material will be handled and stored on-site in accordance with this section.  The 

CQA Officer will inform the Project Manager if secure storage is not being provided.   

The checks and inspections required by this section will be recorded on an inventory control record 

that will be retained until the project is certified.   

Labeling - Each roll of geomembrane delivered to the site will be labeled by the Manufacturer.  

The label will clearly state the Manufacturer’s name, product identification, thickness, length, 

width, and roll number.  The label will be found on either of the end caps, an inside edge of the 

roll core, and outside the roll core. 

Delivery - The rolls of liner will be packaged and shipped by appropriate means to prevent damage 

to the material and to facilitate off-loading. 

Storage - The on-side storage location for geomembrane material should be level, smooth, 

elevated, dry, and not susceptible to standing water.  Roll stack height should be limited to prevent 

deformation or damage to the rolls and cores.  The storage place should be protected from damage 

by vehicles and equipment or vandalism.  The Operator will provide a suitable storage site. 

Handling - The materials are to be handled so as to prevent damage.  Instructions for moving 

geomembrane rolls will be provided by the Manufacturer upon request. 

7.2 SURFACE PREPARATION 

Geomembrane placement will be on top of other geosynthetic members of the liner system.  Thus, 

only minimal surface preparation is expected to be necessary, such as sweeping or manual removal 

of soil, rock, or other solid material particles.  Before installing geomembrane material, the 

Installer will provide written certification to the CQA Officer that the surface on which that 

geosynthetic material will be installed is acceptable.  It will be the Installer’s responsibility 

thereafter to indicate to the Project Manager any change in the condition of this surface that could 

cause the geomembrane to be out of compliance with any of the requirements listed in this section.   
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7.3 GEOMEMBRANE INSTALLATION 

7.3.1 Panel Layout 

The Installer will submit a panel layout drawing for each geomembrane layer to be installed to the 

Project Manager for review a minimum of one week prior to the pre-construction meeting.  The 

drawings submitted should be of sufficient size and detail to distinguish the geomembrane panels.  

The Project Manager reserves the right to reject any drawing submitted and/or to request additional 

information to be submitted to satisfy the intent of this specification. 

No geomembrane installation work will be allowed without the submission and review of the panel 

layout drawings as required by this specification. 

The submitted panel layout will be considered a guideline for both the Installer and the Project 

Manager to follow.  Minor deviations from the submitted layout will be allowed.  However, 

marked deviations to the submitted and reviewed geomembrane panel layout will not be permitted 

without prior submission of a modification of such to the Project Manager.  Any substantial 

modifications to the geomembrane configuration should be presented, in writing or drawing, by 

the Installer a minimum of three days in advance of the work to be performed.   

7.3.2 Weather Conditions 

Geomembrane placement will not proceed: 

• During precipitation events, in the presence of excessive moisture (humidity), or in areas 
of ponded water. 

• In the presence of excessive wind as agreed upon by all parties or as determined by the 
performance of panels during the placement process. 

Geomembrane placement can proceed at ambient temperatures below 32°F as measured at a pre-

determined location with the approval of the CQA Officer or the CQA Personnel, subject to the 

seaming requirements of Section 7.4.3. 

Any damage incurred by the geomembrane material as a result of excessive wind will be repaired 

or removed by the Installer at the Installer's expense. 
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7.3.3 General Placement 

Assign each panel a simple and logical identifying code.  The coding system will be subject to 

approval and will be determined at the job site. 

Visually inspect the geomembrane during placement for imperfections and mark faulty or suspect 

areas. 

The geomembrane will be placed by the Installer in accordance with the following procedures. 

• Motorized equipment used to move or place the geomembrane should not be in direct 
contact with the geomembrane or damage it by contact, leaking fluids, or other means.  
Areas that are damaged in this manner will be removed or repaired at the Installer's 
expense. 

• Unroll geomembrane panels using methods that will not damage geomembrane and will 
protect underlying surface from damage. 

• Personnel working on the geomembrane will not smoke, wear damaging shoes, throw 
equipment or engage in other activities that could damage the material. 

• Do not allow any vehicular traffic directly on geomembrane.  Rubber-tired ATVs and 
trucks are acceptable if wheel contact is less than six psi. 

• Protect geomembrane in areas of heavy traffic by placing protective cover over the 
geomembrane. 

• The geomembrane panels will be installed to allow for geomembrane expansion and 
contraction such that there will be neither excessive tension nor excessive wrinkling.  
Expansion of the liner is expected under warm conditions and with direct sunlight.  These 
conditions will cause geomembrane wrinkling that should, once cooled, return to a 
condition of minimal wrinkling.   

The panels will be placed in such a manner that the geomembrane is not scratched or crimped.  

Any such damage will be repaired or removed in accordance with the procedures described in this 

section.  

As each geomembrane panel is placed, it will be inspected visually for tears, punctures, and thin 

spots.  To accomplish this, the panels will be traversed by CQA personnel in such a way that the 

entire surface, including all factory seams, is inspected.  Any defects will be marked on the 

geomembrane for repair.  In addition, the thickness determinations for each panel will be 

performed by the CQA personnel using a micrometer.  The panel thickness will be determined at 

five locations along each edge and each side of the panel.  The average thickness along each side 
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and each edge must be at least the nominal thickness, and the thickness for any single reading may 

not be less than 90 percent of the nominal thickness.  If these criteria are not met, the panel must 

be rejected. 

7.3.4 Geomembrane Anchoring 

The Installer is responsible for both temporary and permanent geomembrane anchorage. 

Temporary anchors:  Geomembrane panels will be adequately, temporarily anchored by sand bags, 

rubber tires or a comparable means that does not damage the material, and does not degrade during 

the time it is in use. 

Permanent anchors:  The geomembrane panels covering the trench sidewalls will be permanently 

anchored by placement in anchor trench and being covered with soil as shown on Detail 1 of 

Drawing 008. 

7.3.5 Panel Placement and Alignment 

The geomembrane will be placed by the Installer in accordance with these procedures or alternate 

procedures approved in advance by the CQA Officer.  As a minimum, the procedures outlined in 

the following paragraphs will be followed. 

• The geomembrane panels will be placed and aligned in general accordance with the panel 
layout submitted by the Installer, or as modified and made part of this document.  In 
general, the geomembrane panels will be configured to minimize the number of field 
seams, particularly in corners, odd-shaped geometric locations, and outside corners. 

• Geomembrane panels will be placed in a controlled manner, such as pulling, hoisting, or 
rolling.  Uncontrolled placement methods, such as "free-falling" will not be allowed. 

• Adjacent geomembrane panels (horizontally adjacent on sidewalls or adjacent in any 
direction of trench bottom) will be overlapped by a minimum of three inches before 
seaming is completed.  This minimum overlap or greater will be marked by the Installer 
(such as with chalk or high-visibility marker) at intervals of 25 feet or less on the exposed 
surface of the lower geomembrane.  These markings will facilitate overlap inspection after 
the geomembrane panels are placed and aligned. 

• Geomembrane seams with insufficient overlap will be repaired or replaced by, and at the 
expense of, the Installer in accordance with the procedures outlined in this section. 

• Geomembrane panels placed on trench sidewalls will be continuous (unseamed) or factory 
seamed panels.  Welding of horizontal seams (seams that are not parallel to slope) on the 
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sidewalls will not be allowed.  

• Geomembrane panels will be placed to minimize horizontal (cross-panel) seams on slopes 
steeper than 10 horizontal to 1 vertical.  In addition, geomembrane panels placed on slopes 
that are flatter than 10:1 will be overlapped from top to bottom in the down-slope direction.  
In this configuration, the up-slope geomembrane panel will overlie the immediately 
adjacent down-slope panel.  The geomembrane panels will be placed and aligned such that 
the resulting seam locations are, at a minimum, five feet from the toe of slopes and other 
abrupt changes in grade. 

7.3.6 Panel Identification 

As each geomembrane panel is placed, the Installer will label each in bold print visible from a 

distance of approximately 30 feet.  In general, these markings will be placed in an area that will 

remain unobscured until overlying geosynthetic layers are placed.  It is suggested that the labels 

be located near each end of the panels across the floor of the landfill area; and, on the crest, just 

below the crest, and just above the toe of the panels placed on the landfill sidewalls. 

The labels will include, as a minimum, the following information. 

• A sequential panel number based upon a pre-determined system agreed upon by Installer 
and CQA Officer. 

• The roll number from which the panel was obtained.  The Operator reserves the right to 
reject any geomembrane roll without the proper labeling.  Additionally, any portion of a 
geomembrane roll that cannot be positively identified will be rejected. 

• The date the panel was placed. 

• The labeling will be made using marking materials that are compatible with the HDPE 
geomembrane or that is approved by the geomembrane Manufacturer.  A sample of the 
materials used will be submitted to the Project Manager for archiving with the permanent 
record of construction. 

7.3.7 Installation Schedule 

The Installer will be responsible for seaming all geomembrane panels placed each day or providing 

adequate temporary anchoring in accordance with this section until such time as they can be 

seamed. 

The Installer will be responsible for tracking and updating the installation schedule as submitted 

prior to the start of the work.  This schedule will be updated, as a minimum, weekly and will be 

presented to the Project Manager in progress meetings. 
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7.4 FIELD SEAMING 

These field-seaming requirements apply to any field seams made in HDPE geomembrane 

components of the liner system, including, in most aspects, the sacrificial liner materials.  

However, the sacrificial liner materials may be field seamed on sidewall slopes and quality control 

testing of seams in the sacrificial liner material is not required. 

The CQA Officer will perform and document the required inspections and observations to verify 

that field seaming operations are in accordance with these construction specifications.  Each seam 

will be observed for seam completeness.  Documentation for each seam will include seam 

identification number, date, weather conditions, identification of seamer and apparatus, and 

approximate length of seam. 

The CQA Officer will verify that the geomembrane has been installed in accordance with all plans 

and specifications and that all welds have passed both the laboratory strength tests and field tests 

prior to acceptance of the project by the Project Manager. 

7.4.1 Geomembrane Panel Alignment 

The geomembrane panels will be overlapped and aligned in accordance with this specification.  In 

general, the panels should be installed such that the field seams are aligned parallel to slope (i.e., 

not across slope).  Field-welded seams (i.e., seams made on the steep sidewalls) will not be allowed 

on trench sidewalls. 

7.4.2 Personnel Requirements 

All Installer personnel performing seaming operation will have a minimum of 1,000,000 square 

feet of experience using the same primary welding technique on HDPE or VFPE liner.  In addition, 

the Installer will have at least one individual with, as a minimum, 2,000,000 square feet of similar 

experience, including experience at a hazardous waste management facility.  No seaming 

operations will be performed without this individual present. 
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7.4.3 Weather Conditions 

Seaming will not proceed when ambient air temperature or adverse weather conditions jeopardize 

the integrity of the liner installation.  Installer will demonstrate that acceptable seaming can be 

performed by completing acceptable trial welds. 

Field seaming of the geomembrane generally will not be performed at ambient temperatures below 

32°F unless the geomembrane seam area is pre-heated, by sun or hot air device, to a temperature 

higher than 32°F.  If field seaming of the geomembrane is performed at ambient temperatures 

below 32°F, alternate procedures for pre-weld testing and seaming will be provided by the CQA 

Officer or the CQA Personnel. 

The ambient temperature will be measured by a thermometer at a pre-determined location that will 

be mutually agreed upon by all parties in the pre-construction meeting.  The temperature will be 

recorded at regular, periodic intervals by the CQA Officer. 

7.4.4 Test Seams 

All personnel responsible for seaming will perform test seams on geomembrane samples to verify 

welding equipment is operating properly.  No welding equipment or welder will be allowed to 

perform production welds until equipment and welders have successfully completed a trial weld.  

Test seams should be made under the same surface and environmental conditions as the production 

welds (i.e., in contact with subgrade and similar ambient temperature). 

A minimum of two test seams per day, per welding apparatus will be performed, one made prior 

to the start of work and one completed at mid-shift.  A test seam also will be performed whenever 

seaming is discontinued for more than one hour.   

Test seams will be performed on "fragment" pieces of geomembrane and will be a minimum of 12 

inches in width by about three feet in length with a minimum of a three-inch overlap and the seam 

centered along the length. 

The Installer will cut two adjacent specimens from near each end of the test seam (four samples 

total).  The specimens will be cut in a controlled manner, by die or template, to a predetermined 
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width.  One of each pair of specimens will be tested in shear, the other in peel.  In the case of dual-

tracked fusion welding, both tracks of the weld will be tested in peel.  (Note:  Specimens cut in an 

uncontrolled fashion to a random width will not be acceptable as the strength of test seams is 

required to be determined). 

All test seam specimens will be tested by the Installer in the field for shear and peel using an 

electrically operated tensiometer, with the capability of registering the force imparted on a 

geomembrane test specimen.  The test seam specimens will be tested at a cross-head rate of two 

inches per minute.  (Note:  A hand-operated tensiometer is not acceptable.)   

Excessive temperatures affect the strength of the geosynthetics and affect the results of field 

strength tests performed in conditions varying from laboratory performed strength tests.  Specimen 

testing should not be done at excessive temperatures and care should be taken in testing conditions 

with exposure to direct sunlight. 

Recent calibration of the load registering device and the cross-head speed will be performed.  

Documentation of such calibration will be presented prior to the first use of the apparatus. 

The Installer will record the following information for the testing performed on each test seam: 

• Test seam sample number; 

• Date and time of test; 

• Welder performing test seam; 

• Cross-head rate; 

• Specimen number and the peak yield load and failure mode; and 

• The force per unit width in pounds per inch.  An accurate thickness measurement will be 
required to calculate stress in pounds per square inch. 

7.4.5 Test Seam Evaluation Criteria 

The criteria for evaluating test seams is as follows. 
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7.4.5.1 Shear 

Two test seam specimens will be tested in shear.  Each must fail at a strength equal to or greater 

than 90 percent of the rated strength of the parent sheet material, or 1,500 psi, whichever is greater.  

The test seam will be designed as unacceptable if the failure occurs in the weld.  If both of these 

criteria are not met, the entire test seam will be considered failing. 

7.4.5.2 Peel 

Two test seam specimens will be tested in peel.  The peel test will be designated unacceptable if 

the failure in either specimen occurs in the weld area.  If this criterion is not met, the entire test 

seam will be considered failing. 

If a test seam fails, the entire test seam procedure will be repeated after the appropriate adjustments 

to the welding apparatus have been made.  This process will be repeated until a successful test 

seam has been achieved.  Alternatively, if a successful test seam is not achieved the welding 

apparatus and/or the welder will be rejected by the CQA Officer and will not be used for seaming 

until such time as the deficiencies are resolved. 

7.4.6 General Seaming Procedures 

Field seams between panels should be fusion-welded by the dual-hot-wedge welding method.  

Extrusion-welded seams should be used at pipe penetrations (if any), at patches required after test 

samples are taken, and for minor repairs where it is not practical to use hot-wedge seams.  Hot-

wedge and extrusion welding techniques, including surface and edge preparation, should be as 

described in EPA/530-SW-91/051. 

7.4.6.1 Seam Preparation: 

The following general seaming procedures must be met by the Installer: 

• Field seaming should follow sheet placement as closely as possible, but with adequate time 
allowed for the adjacent sheets to equilibrate with respect to temperature. 

• The panels of geomembrane should be overlapped by a minimum of the following 
dimensions: 
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o 3 inches (73 mm) for extrusion welding; and 

o 4 inches (100 mm) for fusion welding 

• Wipe contact surfaces of the sheets clean to remove dirt, dust, moisture, debris, and foreign 
materials. 

• For extrusion welds, grinding/buffing should be conducted to remove oxidized material at 
the seam locations.  This should be done in accordance with EPA/530- SW-91-051 and the 
following requirements: 

o The grinding should not extend more than ¼ inch beyond the limit of the extrudate 
after seam completion; 

o Grinding should be performed preferentially in a perpendicular path across the 
seam; 

o The depth of grinding should be less than 10 percent of the sheet thickness; 

o Grinding should be performed just prior to extrusion welding; and 

o All shavings produced from grinding should be removed from the seaming area 
prior to welding. 

• The area of a seam should be trimmed in advance of seaming following the following 
procedure: 

o All trimming of seams should be advanced and maintained at least 50 feet ahead of 
seaming operations when possible; 

o Trimming should be accomplished using a shielded blade or hook-knife; and 

o Whenever possible, the cutting of the geomembrane will be from the underside of 
the sheet in an upward motion. 

7.4.6.2 Seaming 

• All geomembrane seams will extend to the end of each panel to be placed in the anchor 
trench. 

• If geomembrane seaming operations are performed at night, adequate lighting will be 
provided for such as well as for inspection of the seaming conditions and the seams. 

• "Fishmouths" and wrinkles at geomembrane seam overlaps will be cut along the ridge of 
such.  Areas with sufficient overlap will be welded in accordance with this specification.  
Areas of insufficient overlap will be repaired in accordance with the procedures detailed in 
this section. 

• Each field seam should be identified by writing the following information on the 
geomembrane near the seam with waterproof paint: 
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o Date, starting time, and mark at starting point of weld; 

o Welder’s name or identifying initials’ and 

o Completion time and mark at ending point of weld. 

7.4.6.3 Extrusion Seaming Requirements 

The extrusion welding apparatus will be equipped with temperature gauges that indicate the 

temperature of the extrudate in the machine. 

The extruder will be purged to remove heat-degraded material prior to the beginning of seaming 

and whenever the extruder is stopped for an appreciable length of time. 

7.4.6.4 Fusion Process 

The fusion welding apparatus will be a vehicular mounted, automated device. 

7.5 FACTORY SEAMS 

If factory seamed materials are used, that seaming must satisfy the same requirements as field 

seams.  Documentation must be provided that factory seams have been 100 percent non-

destructively tested using recommended techniques before the geomembrane material is shipped 

from the fabrication plant.  Rejected seams must be repaired and re-tested before being shipped, 

or must be re-tested on-site.  The CQA Officer will review fabricator's quality control 

documentation to ensure that proper seaming procedures were followed and the resulting 

geomembrane material seams are of the specified quality.  The CQA Officer will destructively test 

at least one factory seam sample for each 500 lineal feet of geomembrane factory seam.  The CQA 

Officer will review the quality control documentation.  Any necessary repairs to the geomembrane 

will be in accordance with approved techniques, and the repaired areas will be non-destructively 

tested to verify their integrity. 

7.6 GEOMEMBRANE PENETRATIONS 

Penetrations in the geomembrane will be completed in the following manner: 

• Pipe boots should be fabricated to a size that tightly fits the outside diameter of the 
penetrating pipe.  The boot should be made of the same type of geomembrane as that of 
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the liner through which the penetration is being made. 

• The skirt of the pipe boot that flares away from the pipe should have at least 12 inches of 
geomembrane on all sides of the pipe.  The skirt of the pipe boot should be seamed to the 
base geomembrane by extrusion welding.  If vacuum testing of the seam is impractical, a 
copper wire for spark testing should be inserted prior to welding. 

• Stainless steel pipe clamps should be used to attach pipe boots to the penetrating pipes and 
should be of an adequate size to allow for a cushion of compressible material to be placed 
between the inside surface of the clamp and that of the geomembrane portion of the boot. 

7.7 DEFECTS AND REPAIRS 

7.7.1 General 

All seam and non-seam areas of the geomembrane will be visually inspected for signs of defective 

seams, blisters, punctures, undispersed raw materials, and any sign of contamination by foreign 

matter.  Any problems discovered in both seam and non-seam areas will be marked, repaired and 

re-tested or reevaluated in accordance with this document.  The geomembrane surface will be clean 

at the time of these inspections. 

Any sheets that become seriously damaged (torn or twisted permanently) will be replaced at the 

Installer’s expenses.  Less serious damage (inadvertent punctures during installation) will be 

repaired by welding a piece of geomembrane over the damaged area.  The repairs must pass non-

destructive tests to be considered adequate. 

7.7.2 Evaluation 

Each suspect location in both seam and non-seam areas will be inspected and, where appropriate, 

non-destructively tested using the methods described in this document.  Work will not proceed 

with any materials that will cover the locations that require repair or that have been repaired but 

require testing with passing results.  Each patch repair will be numbered and logged. 

7.7.3 Procedures for Repair 

All repairs will be performed as soon as practicable and in accordance with the design 

specifications.  Each repair will be non-destructively tested for continuity.  All repairs will be 

documented including date, location, type, method used, operator, and apparatus. 
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The repair procedures will be in accordance with these specifications.  The details of the specific 

repair procedures to be followed will be discussed in the pre-construction meeting.  Procedures 

available include the following: 

• Patching - Used to repair large holes, tears, undispersed raw materials, and contamination 
by foreign matter. 

• Abrading and Re-welding - Used to repair small sections of deficient seams and small 
surface blemishes that do not penetrate the entire thickness of the geomembrane.  The 
geomembrane surfaces requiring repair will be abraded no more than one hour prior to the 
repair being made.  Grinding will be performed only within the area requiring repair and 
care will be taken not to significantly damage the liner. 

• Spot Welding - Used to repair pinholes or other minor, localized flaws or where 
geomembrane thickness has been reduced. 

• Capping - Used to repair large lengths of failed seams. 

• Flap Welding - Used to extrusion weld the flap (excess outer portion) of a fusion weld in 
lieu of a full cap. 

• Removing the unacceptable seam and replace with new material. 

In addition, the following procedures will be observed. 

• For capping and patches, use flat and unwrinkled geomembrane material free of defects 
and seams.  The material will be of the same type as the liner material unless approved by 
the CQA Officer. 

• Surfaces of the HDPE that are to be repaired by extrusion welds will be lightly abraded to 
assure cleanliness of the weld area and the integrity of weld bonding. 

• All geomembrane surfaces will be clean and dry at the time of repair.  As a minimum, 
patches and caps (a cap is a patch with an extended length) will extend a minimum of six 
inches for extrusion weld and four inches for wedge weld beyond the limits of the defect, 
and all corners of patches and caps will be rounded with a radius of approximately three 
inches. 

The seams associated with caps of long lengths may be destructively tested, if deemed necessary 

by the CQA Officer. 

7.8 NON-DESTRUCTIVE SEAM CONTINUITY TESTING 

Observations are necessary to verify that non-destructive tests are performed on 100 percent of the 

field seams.  Failed seams will be recorded as to location and seaming crew.  The data will be 
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reviewed for possible patterns.  Repairs will be made by the Installer in accordance with approved 

techniques and re-tested to verify their integrity.   

7.8.1 General 

All factory and field seams (except in sacrificial liner material) will be non-destructively tested 

over their entire length using the pressure test method or the vacuum test method, as appropriate, 

or other approved method.  It is unacceptable for any portion of a seam to remain untested by one 

of these methods.  Non-destructive testing may be carried out as the seaming progresses or at 

completion of all field seaming. 

Areas thought to be potentially inaccessible to non-destructive continuity testing equipment will 

be brought to the Project Manager’s attention prior to the start of work with the submittal of the 

geomembrane panel layout drawings. 

The non-destructive continuity testing of factory seams will be performed prior to the 

geomembrane rolls being delivered to the site.  The non-destructive continuity testing of field 

seams will be performed by the Installer as the work progresses to provide the opportunity for 

immediate re-welding and re-testing as necessary.  All defects discovered will be marked, repaired 

and re-tested by the Installer in accordance with these specifications. 

7.8.2 Testing Procedures 

The Installer will submit the proposed specific non-destructive testing procedures to be employed 

on this project to the Project Manager.  The testing procedures will be consistent with the 

requirements of this specification.  The testing procedures must be approved by the Project 

Manager and CQA Officer.  The Operator reserves the right to reject and request modification of 

any and all non-destructive seam continuity testing procedures submitted. 

7.8.2.1 Vacuum Testing: 

The equipment will consist of the following:  1) a vacuum box assembly consisting of a rigid 

housing, a transparent viewing window, a soft gasket attached to the bottom, or valve assembly, 

and a vacuum gauge, 2) a vacuum pump assembly, and 3) a soapy solution and brush. 
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Test Procedure is performed as follows:  1) apply soapy solution to the seam, 2) place vacuum box 

over the entire wetted seam area, 3) ensure that a leak-tight seal is created, 4) apply a vacuum of 

at least 5 psig, 5) examine the geomembrane through the viewing window for the presence of soap 

bubbles for not fewer than ten seconds, and 6) all areas where soap bubbles appear will be marked 

and repaired. 

7.8.2.2 Air Pressure Testing (for double seam air channel):  

The equipment will consist of the following:  1) an air pump or tank equipped with pressure gauge 

capable of generating and sustaining pressure over 30 psi, 2) a sharp, hollow needle, or other 

approved pressure feed device equipped with a pressure gauge, and 3) A hot air gun or other device 

to seal the ends of the air channel.   

Test Procedure is performed as follows:  1) seal both ends of seam to be tested, insert air needle 

into the air channel, and pressurize to at least 25 psi, 2) the minimum pressure will be maintained 

for a two minute stabilization period, after which the air source will be disconnected from the air 

pressure gauge and the maximum pressure drop will be measured over a five-minute period, 3) if 

pressure loss exceeds 4.0 psi or does not stabilize after five minutes, locate faulty area and repair.  

Puncture opposite end of seam to release air.  If blockage is present, locate and test seam on both 

sides of blockage.  A pressure gauge at both ends of the seam will also be acceptable.  Remove 

needle or other approved pressure feed device and seal penetration holes by extrusion welding. 

7.8.3 Installer Quality Control 

The Installer will be responsible for providing quality control inspection staff and documentation 

for the equipment and testing performed.  This will include, but will not be limited to, the 

following: 

• Recent calibration of all gauges employed (vacuum and/or pressure).  Proof of recent 
calibration, in the past six months will be submitted by the Installer for each gauge 
employed.  This proof will be submitted no later than the first use of the apparatus.  
Negligence in producing this information will prohibit the Installer from using the 
apparatus. 

• An individual who, as a permanent employee of the Installer, is experienced at and 
responsible for performing the non-destructive seam continuity test in accordance with the 
prescribed procedures and inspecting for areas of improperly welded geomembrane. 
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• Labeling directly on the geomembrane surface in the vicinity of the ends of each seam or 
tested section, the following: 

o Date and time of test; 

o Initials of the operator of the testing device; 

o Status or results of the outcome of non-destructive testing; and 

o Start and finish time and pressure (pressure test method only). 

• All non-destructive testing results will be recorded on contractor and CQA officer logs. 

7.9 DESTRUCTIVE SEAM TESTING 

7.9.1 Testing Location and Frequency 

Destructive seam samples will be obtained from factory and field seams at an average minimum 

frequency of one per 500 lineal feet of weld.  The seam destructive test sampling frequency may 

be increased by the CQA Officer beyond the specified minimum based upon actual welding 

conditions and the results of other samples obtained.  These additional locations may be based on 

suspicion of contamination by dirt or moisture, change in seaming materials, increase in failed 

non-destructive tests, and other causes that could result in unacceptable seams. 

Test locations will be determined after welding.  The sample locations will, in general, be randomly 

selected by the CQA Officer as welding progresses.  However, selected sample locations may be 

prompted by suspicion of a poor quality weld. 

The Installer will not be informed in advance of seam destructive test locations but will be required 

to physically obtain the samples from the geomembrane seam in the locations selected by the CQA 

Officer.  The samples will be cut from the geomembrane by the Installer no later than three working 

days after the location has been selected. 

The Installer will repair all holes in the geomembrane resulting from destructive testing.  The 

repairs will be performed and tested in accordance with these Specifications. 
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7.9.2 Sample Size 

The location for the destructive samples will be marked by the CQA Officer.  The dimensions for 

the destructive samples will be, as a minimum, 12 inches wide by 34 inches long (minimum 40 

inches long for dual tracked welds) with the seam centered lengthwise.  The Installer will obtain 

two one-inch wide strips from each end of the marked seam destructive sample for preliminary 

field testing as described in the following section.  The remaining sample will be cut and divided 

into two parts as described below: 

• One portion of the sample, measuring 12 inches by 18 inches (24 inches for dual-tracked 
fusion welds), to the CQA Officer for laboratory testing. 

• One portion of the sample, measuring 12 inches by 12 inches to the Operator for archiving. 

The sample length will be increased to accommodate the additional length required by the Installer 

for laboratory testing or archiving. 

Documentation of seam sampling will include sample location, date and time of sampling, operator 

and apparatus number used for the seam sampled, pass or fail description, and sample 

identification number.  Each sample must be marked with its identification number. 

7.9.3 Testing Procedure 

7.9.3.1 Preliminary Field Testing 

Two specimens, two from each end of the seam destructive sample, are to be removed from the 

geomembrane by the Installer while in the field.  Each of these specimens is to be one inch in 

width.  Two specimens are to be tested in shear and the other two in peel and none are to fail in 

the seam. 

If the laboratory destructive testing is to be performed on-site, the specification for preliminary 

field seam destructive testing may be waived. 
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7.9.3.2 Destructive Seam Testing 

The destructive seam testing will be performed under the observation of the CQA Officer, or his 

duly appointed representative, in an on-site or off-site laboratory.  This testing is to be completed 

within 72 hours of the time the samples are removed from the geomembrane installation. 

The testing will be performed on a total of ten specimens (fifteen for dual-tracked fusion welds) 

obtained from the field sample.  Five specimens will be tested in each of the shear and peel modes.  

For the dual-tracked fusion welds, five peel tests will be performed for each track of weld.  These 

shear and peel specimens will be selected from the sample alternately so that no two immediately 

adjacent specimens are tested in the same mode. 

The specimens will be of a size and shape in accordance with ASTM D638, Type I and will be 

tested at a cross-head rate of two inches per minute. 

7.9.3.3 Seam Evaluation Criteria 

Each seam sample must meet both the shear and peel criteria before being considered passing.  The 

criteria for each is as follows. 

7.9.3.3.1 Shear 

Of the five specimens tested in the shear mode, each must have strength equal to or greater than 

1,500 psi or 90 percent of the rated strength of the geomembrane sheet, whichever is greater.  

Additionally, as a minimum, four of the five specimens will not fail in the weld. 

If, in the series of five specimens tested in shear, these criteria are not met, then the entire seam 

destructive sample is considered failing. 

7.9.3.3.2 Peel 

Of the five specimens tested in the peel mode, as a minimum, four will not fail in the weld.  If 

more than one specimen fails to meet this criterion, then the entire seam destructive sample is 

considered failing. 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Trench 13 Construction Quality Assurance Plan Revision 1:  March 2016 
Appendix C - Construction Method Specifications 

C-47 

In the instance of the dual-tracked fusion weld, both tracks of the weld will be tested in peel.  If 

either peel test performed on specimens of this weld type fails, the entire specimen is considered 

failing. 

7.9.3.4 Seam Destructive Test Failure Procedure 

The Installer will submit a recommended procedure for the tracing and remediation of failed seam 

destructive tests.  This procedure will be submitted as part of the Installer's Quality Control Manual 

and, as a minimum, will include the following: 

• The Installer will reconstruct the failing seam bound by two passing seam destructive tests.  
The Installer will have the option of obtaining additional seam destructive tests at a 
minimum of ten-feet intervals in both directions along the failing seam from the failure 
location.  The minimum interval may be increased by the CQA Officer and/or the Project 
Engineer if test failures become excessive. 

• If both of these samples pass the laboratory seam destructive test, then the seam can be 
reconstructed between them.  If one or both of these samples fail the laboratory seam 
destructive test, then the procedure is repeated until passing laboratory results are obtained. 

• If a seam is reconstructed to a length in excess of 125 feet, a seam destructive sample will 
be obtained from the reconstruction zone that must meet these specifications.
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 GEOTEXTILE 

The geotextile materials will comply with the properties listed in Appendix B. 

8.1 LABELING, PACKAGING, TRANSPORTATION AND STORAGE 

Labeling - Upon initial delivery to the site, each geotextile roll will be labeled on the inside of the 

roll core and outside of the roll wrapping with the following, as a minimum: 

• Manufacturer's Name; 

• Product Identification; 

• Batch or lot number; 

• Roll Number; 

• Roll length and width; and 

• Material thickness. 

Any roll delivered to the site without the proper labeling will, at the Project Manager's discretion, 

be rejected and subsequently removed from the site at the expense of the Manufacturer or Installer. 

Packaging – New rolls of geotextile should be wrapped in a black wrap provided in UV radiation 

and abrasion protection. 

Transportation - Deliver, store, and handle rolls in a manner to prevent damage. 

Storage - Geotextile rolls should not be exposed to the elements for more than 30 days unless 

additional heavy-duty wrapping is provided. 

Store rolls in ultraviolet light-resistant packaging, protected from precipitation, strong chemicals, 

sparks and flames, temperatures in excess of 160 degrees F (71 degrees C), and other 

environmental conditions that could cause damage to the geotextile. 

8.2 HANDLING AND PLACEMENT 

The Installer will handle all geotextiles in such a manner as to ensure they are not damaged in any 

way, and will comply with the following.  The surface to receive the geotextile will be in a 
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reasonably smooth condition.  Where geotextile is placed on soil, fill deep or sharp-edged 

depressions, and remove large or sharp-edged rocks, debris and other obstructions that could 

damage the geotextile.  Where geotextile is placed on other geosynthetic materials, inspect for and 

report foreign materials (such as rocks, sticks, trash items). 

• In the presence of wind, all geotextiles will be weighted with sandbags or the equivalent.  
Such sandbags will be installed during placement and will remain until replaced with 
operations layer material.  Sandbags will be made of material that will not degrade during 
the time they are in use.  They will be filled with soil with a predominant grain size 
equivalent to sand or smaller. 

• Geotextiles will be cut using a geotextile cutter approved by the CQA Officer.  If in place, 
special care must be taken to protect other geosynthetic materials from damage that could 
be caused by the cutting or the geotextiles. 

• During placement, care will be taken not to entrap stones, excessive dust, or moisture in 
the geotextile that could damage an underlying or overlying geomembrane, generate 
clogging of drains or filters, or hamper subsequent seaming. 

• An examination of the geotextile over the entire surface, after installation, will be 
conducted to ensure that no potentially harmful foreign objects, such as large or sharp-
edged rocks or needles (e.g., broken geotextile sewing needles), are present.  Any foreign 
objects so encountered will be removed by the Installer, or the geotextile will be replaced. 

8.3 CONFORMANCE TESTING 

The CQA Officer will collect samples of geotextile from the materials delivered to the site, for 

conformance testing. 

8.4 SEAMS AND OVERLAPS 

All geotextiles will be continuously sewn or heat-bonded (i.e., discontinuous or tact sewing is not 

allowed).  Geotextiles will be overlapped a minimum of three inches prior to seaming.  Any sewing 

will be done using polymeric thread with chemical and ultraviolet resistance properties equal to or 

exceeding those of the geotextile. 

8.5 REPAIR 

Any holes or tears in the geotextile will be repaired. 

Should any tear exceed ten percent of the width of the roll, that roll will be removed from the slope 

and replaced. 
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A patch made from the same geotextile will be sewn in place with a minimum of six inches overlap 

in all directions. 

Care will be taken to remove any soil or other material that may have penetrated the geotextile. 
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 LINER SYSTEM COMPONENT DESCRIPTIONS  

9.1 BASE LINER SYSTEM COMPONENTS 

The cross section of the bottom liner system is shown on Drawing 008, and includes the 

following components listed sequentially from top to bottom. 

• Operations layer 

• Double-sided geocomposite LCRS drainage layer and at select locations shown on 
Details 12 and 13 on Drawing 010, 4.0-inch diameter perforated piping 

• 80-mil HDPE flexible membrane liner (FML), textured on both sides 

• Double-sided geocomposite LDS drainage layer 

• 60-mil HDPE FML, textured on both sides 

• Geosynthetic clay liner (GCL) 

• 9.0-inch prepared subgrade (fine-grained soil) 

The 2.5-feet thick operations layer will be clean soil and/or select waste, with the purpose of 

protecting the underlying liner components from damage due to heavy equipment or other 

operations activities.  The layer must not contain large or angular elements which could damage 

the underlying liner system.  The first foot of material placed should be of relatively small particle 

size material (e.g., sand and gravel) not exceeding one inch in diameter.  The second foot of 

material can have larger particles (e.g., up to 6.0 inches in diameter) provided they are 

encompassed in a soil matrix. 

The upper double-sided geocomposite is the drainage layer of the LCRS.  The four-inch diameter 

leachate collection pipes augment flow capacity to accommodate infiltration from the 25-year, 

24-hour design storm event.  Drawing 010 shows the layout of these pipes and typical sections 

for centerline and lateral piping.  The geocomposite drainage layer and pipes discharge into the 

LCRS sumps. 

The 80-mil HDPE FML is the low-permeability component of the primary liner system.  The 80-

mil HDPE FML will be textured on both sides to provide additional interface strength. 
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The lower double-sided geocomposite is the drainage layer for the LDS.  Its function is to 

facilitate detection, collection and drainage of leachate into the LDS sump. 

The 60-mil HDPE FML is the upper low-permeability component of the secondary composite 

liner system.  It is a lesser thickness than the primary FML since the secondary FML is located 

further below operations activities and is underlain by a GCL.  Textured HDPE (on both sides) 

is selected for the reasons stated above for the primary FML. 

The GCL is the lower low-permeability component of the secondary composite liner system.  

The nine-inch prepared subgrade layer provides a smooth surface for installation of the 

geosynthetics materials providing protection of the overlying geosynthetic layers from puncture 

by angular materials in the subgrade.  The nine-inch thick prepared subgrade layer (36.0 inches 

thick beneath sumps) also provides an additional low permeability layer with added adsorptive 

capacity. 

9.2 SLOPE LINER SYSTEM COMPONENTS 

A cross section of the liner system on the slopes of the trench is shown on Drawing 008 and 

includes the following components listed sequentially from top to bottom: 

• 2.5-feet thick operations layer (measured normal to the sidewall, placed as waste is 
deposited) 

• 40-mil HDPE FML(protective layer, not a hydraulic liner component) 

• Nonwoven geotextile filter fabric 

• Geonet LCRS drainage layer 

• 80-mil HDPE FML, smooth on the top side and textured on the bottom side 

• Double-sided geocomposite LDS drainage layer 

• 60-mil HDPE FML, textured on both sides 

• GCL (placed over smooth or specially prepared subgrade) 

A ten-feet wide, three-feet deep anchor trench is provided at the top of each slope as shown on 

Drawing 008.  
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The 2.5-feet thick operations layer is installed incrementally along the slopes as the waste fill is 

placed.  Since the slopes are steep (0.5:1.0) the operations layer will be advanced incrementally 

at a maximum height of a few feet above the waste fill height. 

The sacrificial 40-mil HDPE FML is specified to provide UV exposure protection for underlying 

geosynthetic materials, especially the uppermost geotextile member.  The sacrificial 40-mil 

HDPE FML also directs rainfall, during cell filling, onto the cell floor for infiltration into the 

waste and management by the LCRS of infiltration that reaches the LCRS collectors. 

9.3 TRENCH BOTTOM/SIDEWALL TRANSITION LINER SYSTEM 
COMPONENTS 

The cross section of the liner system at trench bottom/sidewall transition locations is depicted on 

Drawing 008.  This detail shows how overlaps will be made for each drainage layer to assure 

continuity of the LCRS and LDS from the side slope to the base of the landfill.  The overlap 

extends from three feet above the floor to three feet onto the trench bottom. 
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 LEACHATE COLLECTION SYSTEM 

10.1 LEACHATE COLLECTION AND RECOVERY SYSTEM 

The primary LCRS is located above the primary liner, and is designed to collect and allow 

removal of liquids within each cell.  The secondary system, the LDS, is located between the two 

liners, and its main function is to provide detection and removal of any leakage through the top 

liner.   

The LCRS is associated with the primary liner system.  The function of the LCRS is to intercept 

leachate draining through the waste and to discharge it into the sumps for removal from the 

landfill.  The typical sump plan view is shown on Drawing 009, typical sump cross-sections are 

shown on Drawing 009, Detail A and B.  The LCRS sump is four feet deep.  Liquid is removed 

from the sump through a riser that is shown in Detail 6 on Drawing 010.  The components of the 

LCRS sump are sized to accommodate the maximum anticipated leachate flows while 

maintaining fluid head above the primary liner at or below one foot. 

Trench 13 LCRS sump components are shown on the typical sump layout details on 

Drawings 009 and 010.  The components include: 

• Geocomposite (300-mil double-sided, or equivalent):  This is the principal LCRS 
drainage component (at cell bottom locations) that discharges directly to the drain rock at 
the edge of the sump. 

• A 10-ounce LCRS geotextile cushion:  This geotextile is used to separate the operations 
layer from the drain rock (described below).  It is used over the entire sump area within 
the sump perimeter. 

• 4.0-inch diameter perforated SDR 11 HDPE pipes:  These pipes are secondary flow 
components that assist the LCRS in handling the maximum anticipated flow resulting 
from a 25-year, 24-hour design storm event.  The pipes discharge directly to the LCRS 
sump. 

• Drain rock:  This is a clean gravel conforming to the gradation included in the 
specifications (Appendix B).  The LCRS gravel fills the entire sump to the grade break. 

• A 16-ounce LCRS geotextile cushion:  This is a nonwoven geotextile used to provide 
additional puncture protection to the liner system within the sump perimeter.  Two 10-
ounce geotextile cushion sheets will also be acceptable. 

Components of the LCRS riser system include the following (starting at the sump): 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Trench 13 Construction Quality Assurance Plan Revision 1:  March 2016 
Appendix C - Construction Method Specifications 

C-55 

• Slip joint:  Settlement of the riser system is accommodated by a slip joint which is 
intended not to transfer stress to the liner system.  The slip joint is a 12-inch diameter 
SDR 11 HDPE pipe that is extrusion-welded to a 1.0-inch thick HDPE flatstock base.  
The pipe is perforated with 1/2-inch diameter holes 60 degrees apart on 3-inch centers 
(24 holes per foot).  A 16-ounce geotextile cushion sheet is placed between the liner 
system and the slip joint base.  The slip joint extends a minimum of 6.0 inches into a riser 
support (discussed below).  The lip of the slip joint pipe in the riser support will be built 
up, such as with HDPE flatstock (or other alternative), and then chamfered to provide a 
smooth transition for a pump to be lowered into the sump. 

• Riser pipe support:  The riser pipe support consists of a concrete foundation block which 
transfers the pipe and potential down-drag loads to the LCRS gravel, thus preventing 
stress concentrations on the liner system.  The riser pipe support is intended to be a cast-
in-place unit built of 4,000 psi concrete, using Type V sulfate-resistant cement.  A 14-
inch diameter, Schedule 60, Type 316 stainless steel pipe extending at least 3.0-inches 
from the concrete will be cast in the concrete.  The riser pipe will include a 20-inch O.D. 
by 14-inch I.D. by 0.5-inch thick type 316 stainless steel bearing plate.  The bearing plate 
will include twelve 1.0-inch diameter by 6-inch long expansion type anchor bolts (or 
approved alternative) extending into the concrete foundation block.  The riser pipe 
support will be positioned in the field such that the slip joint, support, and LCRS long 
radius bend (described below) are correctly aligned. 

• LCRS reducer:  The riser pipe support will be welded to a 14-inch by 12-inch stainless 
steel reducer.  The riser pipe support will be welded to the 14-inch side.  The 12-inch side 
of the reducer will be welded to a twelve-bolt stainless steel flange. 

• LCRS long radius bend:  This is a prefabricated bend that provides the 3.5 feet of 
deflection required to position the LCRS riser pipe in the center of the riser pipe support.  
The piece is 20-feet long and fabricated of 12-inch diameter, Schedule 40, stainless steel.  
Manufacture of the necessary sweeping bend must not compromise the strength of the 
stainless steel.  The bottom of the LCRS long radius bend will be welded to a twelve bolt 
stainless steel flange.   

• LCRS riser pipe:  This is a 12-inch diameter, Schedule 40 stainless steel pipe butt-welded 
to the LCRS long radius bend.  `  

• Riser pipe slip cover:  The function of this component is to minimize the transfer of 
friction and down-drag loads on the riser pipe caused by settlement of waste.  The riser 
pipe slip cover will be fabricated from a 12-inch diameter corrugated polyethylene pipe 
that has been split longitudinally and placed over the riser.  It is not necessary to join the 
individual pieces of the slip cover. 

• Top of slope anchor:  This is a concrete block with an adjustable U-bolt.  This component 
provides lateral restraint for the riser pipe while allowing vertical movement to 
accommodate settlement.   



US Ecology Nevada, Inc. Revision 0:  October 2015 
Trench 13 Construction Quality Assurance Plan Revision 1:  March 2016 
Appendix C - Construction Method Specifications 

C-56 

10.2 LEAK DETECTION SYSTEM 

The LDS is associated with the secondary liner system.  The functions of the LDS are to detect 

and remove liquid that may migrate through the primary liner system.  Components used in the 

Trench 13 LDS sumps are shown on Drawing 010, typical sump cross-sections are shown on 

Drawing 009, Detail A and B.  The components include: 

• Geocomposite (300-mil double-sided, or equivalent on the floor and 200-mil, or 
equivalent on the side slopes):  This is the principal LDS drainage component that 
discharges to the LDS sump. 

• A 16-ounce LDS cushion geotextile:  This is a nonwoven geotextile used to provide 
additional puncture protection to the liner system within the sump perimeter (see Detail 
7 on Drawing 010).  Two 10-ounce geotextile cushion will also be acceptable. 

• Drain rock:  A clean gravel conforming to the gradation included in the specifications 
(Appendix B).  The LDS gravel fills only the 18-inch deep sump area. 

• LDS End Caps, Tee, Collection Pipes:  These pieces are all 12-inch diameter SDR 11 
HDPE that is perforated to collect flow into the LDS sump.  The perforations for the LDS 
Collection Pipe and Tee should be 1/2-inch diameter holes, 60 degrees apart on 3.0-inch 
centers (24 holes per foot).  A 1.0-inch thick piece of HDPE flatstock is used to evenly 
distribute the load from the HDPE tee and collection pipes to the trench floor (Detail 7 
on Drawing 010). 

• LDS Elbows:  These pieces are all 12-inch diameter SDR 11 HDPE and include a 45 
degree sweeping elbow and an 18 degree sweeping elbow.  The 18 degree sweeping 
elbow shall be gradual enough to allow down-hole pumping equipment to be installed.   

• A 16-ounce lower LDS geotextile cushion:  This is a nonwoven geotextile that provides 
puncture protection to the secondary liner system in the 18-inch deep portion of the sump 
as shown in Detail 7 on Drawing 010.  Two 10-ounce geotextile cushions will also be 
acceptable. 

Components of the LDS riser system include the following (starting at the sump): 

• LDS Riser:  A 12-inch diameter SDR 11 HDPE pipe used for pump access. 

• LDS Riser Recess Trench and Backfill:  The LDS Riser (described above) is placed in a 
24-inch wide by 18-inch deep recess cut into the sidewall during excavation.  Backfill 
will consist of prayed concrete or gunite, see Detail 8, Drawing 010. 

• Top of slope anchor:  See the LCRS top of slope anchor description above since the units 
are identical. 
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 LINER SYSTEM EXPOSURE PROTECTION 

Exposure protection is necessary for the liner and leachate collection system components, both 

during construction as well as during disposal operations.  Exposure issues include the following: 

• Ultraviolet (UV) Radiation:  Some geosynthetic materials (without UV resistance 
additives) degrade when exposed to sunlight.  For Trench 13, the HDPE materials (e.g., 
FML and geonet) are UV-resistant; hence protection from exposure to UV radiation is 
not necessary for these materials.  Polyester geotextile materials, however are sensitive 
to UV radiation and must be protected during storage, construction and disposal 
operations. 

• Precipitation/Water:  The bentonite within GCLs may expand if exposed to moisture and 
allowed to hydrate in an unconfined condition (e.g., during material staging or 
placement).  Thus, GCLs must be protected during storage and construction. 

• Dust and soil:  Geonet materials can become partially filled with dust and soil if not 
protected from wind and rain during storage and construction.  This geonet must be 
protected during storage and construction. 

• Wind:  High winds can lift geosynthetics that have not been properly anchored (e.g., 
during construction).  This can result in damage (e.g., tears) or the material blowing away.  
Therefore, temporary anchorage and repair/replacement procedures are needed during 
construction.  Protection from wind during disposal operations is also needed. 

Geosynthetic materials requiring exposure protection and/or special handling during construction 
include the following. 

• GCLs:  Store on pallets in delivered plastic packaging and cover with tarps.  Protect from 
rain after installation. 

• HDPE FMLs:  Store on pallets to avoid damage.  Provide temporary anchorage to 
facilitate installation and prevent wind uplift.  Follow inspection, repair, and replacement 
procedures if wind damage has potentially occurred. 

• Geonets:  Store on pallets and cover with tarps.  Keep free of dust, soil and precipitation 
during installation. 

• Geotextiles: Store on pallets and cover with tarps.  Place subsequent layer of liner systems 
within a reasonable period of time (e.g., within four to six weeks). 

• Geocomposites:  Same as geotextiles. 

• Geosynthetics on the cell bottom are likely to be covered by the operations layer within 
a reasonable period of time (e.g., four to six weeks) after installation.  No further 
protective measures are required for those elements. 
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The side slope liner system incorporates a sacrificial 40-mil HDPE FML.  The sacrificial liner 

protects the slope liner during filling and specifically eliminates UV exposure of the primary 

nonwoven geotextile filter-fabric.  The layer also prevents infiltration into the slope LCRS during 

precipitation.  Sand tubes and wind vents will be installed to secure the slope lining system and 

prevent uplift from wind. 
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Table C-1 - Soil Placement Inspection Schedule 

Inspection Task Inspection/Test Method 
Reference Sample/Test Quantity/Frequency 

Observation/Sample Locations 

Excavation Source/ 
Stockpile 

Fill 
Area 

Cover 
Area 

FIELD INSPECTION OF SOIL EXCAVATION, SOIL PLACEMENT, AND FINAL COVER CONSTRUCTION 

General project 
observations 

Visual observations, plus basic 
measurements and 
recordkeeping 

Continuous observation, during trench 
construction (excavation, soil screening and 
amendment and soil placement)  

Yes Yes Yes Yes 

Trench feature layout Observation of survey staking Continuous observation, during excavation Yes NA Yes NA 

Soil material observation Observation of excavated and 
imported soil material Continuous observation, during construction Yes Yes Yes Yes 

SOIL TESTS TO BE DONE DURING TRENCH 13 CONSTRUCTION AND FINAL COVER CONSTRUCTION 

Particle-size analysis ASTM C 136 3 tests per material type, reconfirmed as needed Yes Yes Yes Yes 

Moisture/density curve ASTM D1557, Modified proctor 
moisture-density relation 3 tests per material type, reconfirmed as needed Yes Yes Yes Yes 

Lift thickness Observation/measurement before 
and during compaction  Random locations NA No Yes NA 

In-place density and 
moisture content 

ASTM D6938 (or approved 
alternative method) As specified No No Yes Yes 
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Table C-1 - Soil Placement Inspection Schedule (continued) 

Inspection Task Inspection/Test 
Method Reference Sample/Test Quantity/Frequency 

Sample Location 
Acceptance Criteria 

Source/ 
Stockpile 

Fill 
Area 

SURFACE SOIL LAYER RECOMPACTION 

Direct shear strength of 
compacted fill ASTM D30804 3 tests per material type, reconfirmed as needed Yes No cohesion ≥ 300 PSF 

Particle-size analysis ASTM D422 3 tests per material type, reconfirmed as needed Yes No 
95% <3.0” sieve 

between 5% and 20% passing 
#200 sieve 

Moisture/density relation ASTM D1557 3 tests per material type, reconfirmed as needed Yes No NA 

In-place density ASTM D6938 (after 
compaction) 

1 per lift minimum, or 1 per 2,000 yd3 (placed), 
or as specified No Yes 95% MDD (min) by ASTM D 

1557 

Moisture content ASTM D6938 (after 
compaction) 

1 per lift minimum, or 1 per 2,000 yd3 (placed), 
or as specified No Yes OMC to OMC +2% 

TRENCH 13 FLOOR AND SUMP SUBGRADE 

Hydraulic conductivity of 
compacted subgrade ASTM D5084 3 tests per material type, reconfirmed as needed Yes No ≤1 x 10-5 cm/sec 

Particle-size analysis ASTM D422 3 tests per material type, reconfirmed as needed Yes No ≤10% >1.0” 
≥10% pass #200 sieve 

Moisture/density relation ASTM D1557, 
Modified proctor 

3 tests per material type, reconfirmed as needed Yes No NA 

                                                 

4 ASTM D3080 run at normal stresses of 0.5, 1.0, and 2.5 KSF for specimens remolded at 95% MDD (min) and OMC±2%. 
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Table C-1 - Soil Placement Inspection Schedule (continued) 

Inspection Task Inspection/Test 
Method Reference Sample/Test Quantity/Frequency 

Sample Location 
Acceptance Criteria 

Source/ 
Stockpile 

Fill 
Area 

moisture-density 
relation 

In-place density and 
moisture content, trench 
floor 

ASTM D1557 (after 
compaction) 

one test per each one test for every 10,000 
square feet of subgrade placed (placed) No Yes 95% MDD 

OMC to OMC +2% 

Thickness, after 
compaction, trench floor 

Measurement after 
compaction  

The vertical control criterion for survey 
accuracy should be at least 0.1 feet, and 
comparison of actual and design grade should 
done on a 50-feet grid.  All locations verified to 
include 9 inches of subgrade materials 

NA Yes Thickness ≥ 9.0” 

Hydraulic conductivity of 
constructed subgrade, 
trench and sump bottom 

ASTM D5084 
(remolded sample) 

1 test for every 40,000 square feet of constructed 
Floor and Sump subgrade (200-ft grid and at 
least one test in each sump), remold to density 
target (±2 PCF) and moisture target (±1%).  
Each sample will be of the full thickness of floor 
subgrade or a 12 inch lift of sump subgrade. 

No Yes ≤1 x 10-5 cm/sec 

In-place density and 
moisture content, sump 
bottom 

ASTM D6938 (after 
compaction) 1 test per lift, not less than 3 tests per sump No Yes 95% MDD 

OMC to OMC +2% 

Lift thickness, sump 
bottom 

Measurement after 
compaction  

Maximum lift thickness of 12 inches and not 
less than 3 measurements per lift in each sump.  
For final sump thickness confirmation, the 
vertical control criterion for survey accuracy 
should be at least 0.1 feet, and comparison of 
actual and design grade should be done on a 10-
feet grid.  All location verified to include 36-
inches of subgrade material 

NA Yes Total compacted lift thickness 
at same location ≥36.0” 
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Table C-1 - Soil Placement Inspection Schedule (continued) 

Inspection Task Inspection/Test 
Method Reference Sample/Test Quantity/Frequency 

Sample Location 
Acceptance Criteria 

Source/ 
Stockpile 

Fill 
Area 

SUMP AND LCRS PIPING BEDDING GRAVEL 

Hydraulic conductivity of 
gravel ASTM D 2434 3 tests per material type, reconfirmed as needed Yes No Minimum hydraulic 

conductivity = 1 cm/sec 

Particle-size analysis ASTM C136 3 tests per material type, reconfirmed as needed Yes No 

100% <2.0” sieve 
90%<1-1/2” sieve 
≥85% >3/4” sieve 

≤5% passing #4 sieve 

INTERIM COVER LAYER 

Particle-size analysis ASTM D422 

3 tests per material type, reconfirm as needed, 
verify by visual observation.  Materials >6.0 
inch might be judged acceptable if ‘de minimis’ 
and rarely, if ever, in grain-to-grain contact. 

Yes NA 100% <6.0” 

Lift thickness, for interim 
cover layer 

Measurement after 
loose placement  Random measurements and observation NA Yes Total loose thickness ≥12.0” 

FINAL COVER LAYER 

Particle-size analysis ASTM D422 

3 tests per material type in stockpile, reconfirm 
as needed, verify maximum size criterion by 
visual observation at placement.  Materials >6.0 
inch might be judged acceptable if ‘de minimis’ 
and rarely, if ever, in grain-to-grain contact. 

Yes Yes 
100% ≤ 6.0” 
≤10% > 1.0” 

≥5% passing #200 sieve 

Moisture/density relation 

ASTM D1557, 
Modified proctor 
moisture-density 
relation 

3 tests per material type, reconfirmed as needed Yes NA NA 
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Table C-1 - Soil Placement Inspection Schedule (continued) 

Inspection Task Inspection/Test 
Method Reference Sample/Test Quantity/Frequency 

Sample Location 
Acceptance Criteria 

Source/ 
Stockpile 

Fill 
Area 

Lift thickness, final cover 
layer 

Measurement before 
placement and after 
placement 

One measurement for each 50 ft by 50 ft grid 
area NA Yes Loose lift thickness > 24.0” 

In-place density and 
moisture content 

ASTM D1557 (after 
compaction) 

one test for every 10,000 square feet of cover 
placed NA Yes 85% MDD (±3%) 

OMC minus 2% or less 

FINAL COVER DRAINAGE ARMORING 

Rock Particle Size Supplier certification 1 per source, reconfirm as needed, verify by 
visual observation Yes NA 

Without Grout 
D50 ≥ 2 in. (lateral drainages 

and upper deck berms) 
D50 ≥ 6 in. (access road 

drainages) 
D50 ≥ 12 in. (sideslope 

flumes) 
With Grout 

D50 ≥ 4 in. (sideslope flumes 
and access road drainages) 

Rock Specific Gravity ASTM C 127 1 per material type Yes NA S.G. > 2.5 g/cm3 

Rock Angularity Visual inspection Random measurements and observation Yes NA Angular to Sub-rounded 

Grout Compressive 
Strength ASTM C39 1 per application Yes NA Minimum 28-day compressive 

strength of ≥ 2,500 psi 

Grout Thickness Measurement after 
placement Random measurements and observation NA Yes Fill interstitial space 
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Table C-1 - Soil Placement Inspection Schedule (continued) 

Inspection Task Inspection/Test 
Method Reference Sample/Test Quantity/Frequency 

Sample Location 
Acceptance Criteria 

Source/ 
Stockpile 

Fill 
Area 

FINAL COVER LINE AND GRADE 

Final Cover Thickness Survey (compare 
surfaces) 

The vertical control criterion for survey 
accuracy should be at least 0.25 feet.  Compare 
measurements for each 50 ft by 50 ft grid area 

NA Yes 

90 percent of points of 
measurement comparison 

≥2.0 ft, no point of 
measurement comparison <1.75 

ft 

Maximum Elevation Survey 
The vertical control criterion for survey 
accuracy should be at least 0.25 feet.  One 
measurement for each 50 ft by 50 ft grid area 

NA Yes Maximum elevation of 2,860 ft 
NAVD88 

MDD = Standard Proctor (ASTM D1557) maximum dry density. 
OMC = Standard Proctor (ASTM D1557) optimum moisture content 
TBD = to be determined by soil testing laboratory 
PSF = pounds per square foot
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TABLE C-2 
GEOMEMBRANE INSTALLER’S CERTIFICATION 

SUBGRADE ACCEPTABILITY 
 
Project Title:  

Project Number:  

Project Location:  

Date:  

 

 

Geomembrane Contractor:  

Representative:  

I, the undersigned, a duly authorized representative of     do hereby 

accept the subgrade surface, defined as the material supporting the geomembrane, and shall be 

responsible for its integrity and suitability, in accordance with the Specifications, from this date 

to acceptance of the geomembrane installation.  I have personally inspected the condition of the 

constructed surfaces and the condition of the area meets or exceeds the minimum requirements 

for installation of the geomembrane. 

Approximate Size of Area:  

Description of Area:  

  

  

 

 

Signed: 

Geomembrane Contractor   

Earthwork Contractor   

CQA Representative  
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RESPONSE ACTION PLAN 

1. INTRODUCTION 

The U.S. Environmental Protection Agency (USEPA) promulgated rules on January 29, 1992, 
requiring Response Action Plans (RAP) for new hazardous waste landfill units that commence 
construction after January 29, 1992, or which expand existing units after July 29, 1992 (57 FR 
3462).  At the US Ecology Nevada, Inc. (USEN) Facility, Trench 13 is a new hazardous waste 
landfill unit that is regulated under this rule.  This RAP meets the requirements of 40 CFR 
§264.304 and identifies actions to be taken if an action leakage rate is exceeded. 

2. LEACHATE COLLECTION AND REMOVAL SYSTEM 

The Leachate Collection and Removal System (LCRS) has been designed in accordance with 40 
CFR §264.301(c)(2) requirements to enable collection and removal of leachate from the landfill 
during the active life and post-closure care period.  The LCRS minimizes the possibility of 
leachate migrating through the primary liner into the underlying Leak Detection System (LDS) 
or secondary liner system.  The LCRS and primary liner for Trench 13 sideslopes is an 8-
ounce/yd2 geotextile and a geonet (200-mil) underlain by an 80-mil HDPE flexible membrane 
liner (FML), as shown on Figure 1.  The LCRS and primary liner for the Trench 13 floor is a 
double-sided geocomposite (300-mil geonet sandwiched between two 8-ounce/yd2 geotextiles) 
underlain by an 80-mil HDPE FML, as shown on Figure 2.  Trench 13 is composed of five 
separate disposal cells (Phases), each with an independent LCRS to collect liquids entering the 
LCRS over discrete areas of the Trench 13 Floor and Sidewalls.   

Figure 1  Sideslope Liner System 
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Figure 2  Floor Liner System 

 

The LCRS Sump provides a point for leachate monitoring and removal.  Pumps placed within 
perforated riser pipes in each LCRS Sump are used to remove liquids (i.e., leachate).  The LCRS 
pump capacity and fluid level observation frequency, as established in this RAP, are intended to 
prevent fluid levels from exceeding one foot of head on the LCRS Floor and in the LCRS Sump.  
During operation, the active cell shall include a secondary pump (or pumps) capable of 
extracting at least 23 gallons per minute (gpm) at 114 feet of dynamic head for each LCRS, 
during the early portion of Trench operations.  The basic configuration of Trench 13 LDS/LCRS 
Sumps is shown on Figure 3. 

The vertical distance from the bottom of the LCRS Sumps to the “Lowest Point of the Trench 
Floor” is approximately four feet as shown on Figure 4.  A pump is positioned in each LCRS 
Sump such that the base of the pump is approximately 4.0 feet below the Lowest Point of the 
Trench Floor.  The sump depth and capacity facilitates efficient leachate removal in the event of 
large precipitation events during the early stages of waste placement. 

3. LEAK DETECTION SYSTEM 

The LDS also has been designed in accordance with 40 CFR §264.301(c)(4) requirements to 
enable identification of leakage through the LCRS and collection and removal of liquids found in 
the LDS to minimize the head on the secondary liner.  The LDS and secondary liner for the 
Trench 13 sideslope is a double-sided geocomposite (200-mil geonet sandwiched between two 6 
ounce/yd2 geotextiles), underlain by a 60-mil HDPE FML, as shown on Figure 1.  The LDS and 
secondary liner for the Trench 13 Floor is a double-sided geocomposite (300-mil geonet 
sandwiched between two 8 ounce/yd2 geotextiles), underlain by a 60-mil HDPE FML and a 
geosynthetic clay liner, as shown on Figure 2.  The five Phases of Trench 13 each have an 
independent LDS to collect any release (i.e., leakage) from the primary liner that enters the LDS 
in the Trench 13 cell floor and sidewalls.   

The LDS Sump provides a point for leak detection monitoring and leakage removal.  An LDS 
pump positioned within a perforated riser pipe in each LDS is used to remove pumpable liquids 
at each LDS Sump.  The LDS pump capacity and fluid level observation frequency, as 
established in this RAP, are intended to prevent fluid levels from exceeding 1.0 foot of head on 
the LDS Floor or within the LDS Sump.   
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The vertical distance from the bottom of the LDS Sumps to the “Lowest Point of the Trench 
Floor” is approximately 5.5 feet, as shown on Figure 4.  A pump is positioned in each LDS 
Sump such that the base of the pump is approximately 5.5 feet below the Trench Floor.   

Figure 3  Plan View of Trench 13 Sump 

 

Figure 4  Sump Cross Section 

 

4. ACTION LEAKAGE RATE 

The Action Leakage Rate (ALR) is a flow rate value to be observed in the LDS that might 
indicate a problem with the primary liner and is selected to prompt action (e.g., notification 
and/or primary liner repair).  That value must not be greater than the maximum design flow rate 
that the LDS can remove to prevent fluid levels on the bottom liner exceeding 1.0 foot of head.  
The ALR is established at:  1) a rate that is greater than the amount expected for small leaks 
through the primary liner, and 2) a rate that is less than the capacity of the LDS Floor 
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(geocomposite liner) and LDS Sump to transmit liquids without backups on the secondary liner 
exceeding one foot.  This Response Action Plan establishes an ALR that is applicable to each of 
the five LDS Sumps in Trench 13.  (See Calculation C.08 in Appendix A).  The ALR for each 
of the Phases of Trench 13 is 150 gallons per acre day, as shown in Table 1. 

Table 1  ALR Application 

Sump 
Phase Area 

(acres) 
ALR 

(gal/acre/day) 

Flow into Sump at 
ALR 

(gal/day) 

Minimum Pump 
Capacity 
(gal/min) 

Phases 13 A and E 9.88 150 1,480 1.04 
Phases 13 B, C, and D 9.16 150 1,370 0.95 

A pump with a minimum capacity of 1.1 gpm and 114 feet of dynamic head (lift capacity) is 
required.  Leachate levels will be maintained so that no greater than 1.0 foot of head is present on 
the LDS Floor or within the LDS Sump. 

5. SUMP MONITORING 

All leachate Sumps (LCRS and LDS) in Trench 13 will be monitored at a frequency to prevent 
fluid levels from exceeding 1.0 foot of head within the Sumps.  Based on USEN experience at 
the Beatty facility, weekly inspections are appropriate.  However, inspections on an increased 
frequency, such as daily, will be necessary during the initial time period of waste disposal1.  
Once a history has been established and after the initial time period of waste disposal, 
inspections can be relaxed to weekly, assuming monitored liquid levels remain predictable.   

Following precipitation events exceeding 0.25 inches in 24 hours during the initial time period of 
waste disposal, the leachate Sumps should be monitored at least daily for a period of one week.  
Once a history has been established, and after the initial time period of waste disposal, the 
monitoring frequency should be relaxed, as appropriate. 

The results of monitoring (depth of leachate in the Sump) and the volume of leachate removed, if 
pumping is required, will be recorded in the LCRS and LDS Sump Monitoring Logs maintained 
for each sump. 

During the post-closure period, after the final cover is installed, LCRS Sumps and LDS Sumps 
will be monitored monthly in the first year following closure, assuming a long history of dry or 
minimal leachate has been established.  In the second year following closure, monitoring will be 
done quarterly and in years three through 30, monitoring will be done semi-annually, assuming 
monitored levels and pumping volumes support the schedule.   

6. DETERMINING WHEN THE ALR IS EXCEEDED AND RESPONSE ACTIONS 

If the volume of liquid pumped from any LDS Sump equals or exceeds 1,480 gal/day in Phases 
13A and E or 1,370 gal/day in Phases 13B, C, or D, facility personnel will report this information 
to the Facility Manager.2 
                                                 
1  Initial time period assumed when less than 5 feet of waste is present in the Phase above the operations layer. 
2  All references to the Facility Manager will include his/her designee and are herein-after referred to collectively as 

the “Facility Manager.” 
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The Facility Manager will institute daily monitoring for five working days to determine whether 
average removal volumes indicate that maximum daily total flow limits (i.e., the ALR) are being 
exceeded for an individual Sump.  Five-day average flow rates will then be used to determine 
whether ALR values in Table 1 are being exceeded. 

If the Facility Manager determines that the flow rate into the LDS exceeds the ALR for an 
individual Sump, the Facility Manager will follow the steps outlined below: 

1. Notify NDEP in writing within seven (7) days of determining that the ALR has been 
exceeded.   

2. Submit a preliminary written assessment to NDEP within 14 days of the determination.  
This report will document the volume of liquids removed from the LDS Sump; likely 
sources of the liquids; possible explanation for apparent leaks; and short-term actions 
taken and planned. 

3. Visually assess the cell for possible damage to the liner system and conduct interviews 
with personnel about recent practices that might have resulted in a breach in the primary 
liner. 

4. Conduct a fingerprint, hazardous constituent, or other analysis to provide possible 
explanation of the sources of liquids and possible locations of apparent leaks.  Comment 
on mobility of the liquid (and hazardous constituents) in the vadose zone and 
groundwater and the hazard to the environment and human health represented by the 
apparent leak. 

5. Determine whether waste placement should be modified or curtailed; and whether or not 
liner inspection, repairs, or controls are feasible. 

6. Determine if any other short-term or long-term actions need to be taken to mitigate any 
apparent leaks. 

7. Within 30 days after the initial notification to NDEP that the ALR has been exceeded, 
submit a report to NDEP containing the information and determinations specified above. 

8. Thereafter, submit monthly reports to NDEP as long as the flow rate in the LDS exceeds 
the ALR summarizing the results of any remedial actions taken and any actions planned. 

7. LEACHATE MANAGEMENT  

Liquid generated by pumping from leachate collection systems (LDS and LCRS) in Trench 13 
will be used for dust control within a lined Phase of Trench 13.  Leachate that is reapplied for 
dust suppression purposes will be restricted to the sub-cell (Trench 13 Phase) from which it was 
generated.  If leachate is removed from Trench 13 it will be managed as F039 waste.  During 
early operations in Trench 13, there will be limited opportunity to utilize liquid collected from 
leachate collection systems for dust control because of the limited portion of Trench 13 actively 
receiving waste.  Excess liquids, not used for dust control and removed from the active Phase, 
will require analysis to determine appropriate management requirements.  The management 
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(including disposal) of the liquid will need to be accomplished within any applicable regulatory 
time limitations.   

To address the possibility that a storm event (or events) during early operations generates contact 
run-off (i.e., run-off exposed to waste that must be managed as leachate) in a volume that 
exceeds the capacity for that leachate to be used within the lined Phase, removal and storage of 
leachate will be necessary.  USEN will make available necessary storage containers.  These will 
include tanks available on-site that have available capacity.  If a storm event generates more 
contact run-off (i.e., leachate) than can be managed using on-site storage tanks, temporary tanks 
will be brought on-site from an off-site source.   

Calculations of LCRS and LDS flow following a design storm event of 2.26 inches (25 year, 24-
hour storm event, based on NOAA Atlas 14, Volume 1, Version 5, Amargosa Farms Garey 
Station ID: 26-0150) suggest the LCRS could have infiltration and require pumping of up to 23 
gal/min (approximately 33,000 gal/day) during short periods at the beginning of use of Phases A 
and E (and up to 17 gal/min during short periods at the beginning of use of Phases B, C, and D).  
If the LDS, as stated above, produced liquid volume equal to the ALR at the same time, 1,480 
gal/day for Phases A and E or 1,370 gal/day in Phases B, C, or D, might be added to the LCRS 
volumes.  Therefore, as much as 35,000 gal/day/Phase of leachate storage might be necessary 
following a precipitation event equivalent to the design storm.   

To provide temporary storage of leachate, USEN makes available the following storage tanks: 

• One 5,000-gallon portable tanker; 

• One 5,000 gallon water truck; and 

• One 8,000-gallon water pull. 

Once on-site storage is exceeded, rental and delivery of portable tanks will be necessary.  Tanks 
brought to the site will be placed in temporary containment structures, approved by the agency.  
As temporary tanks are being filled USEN will make arrangements to begin shipping leachate for 
disposal offsite.  The transfer of liquids off-site will be done within appropriate time limitations 
(one year for the permitted tank and ninety days for all temporary tanks).  Contact information 
for the supply of portable tanks is provided below. 

• B Pac Van – Las Vegas: 4680 Industry Center Drive 
Las Vegas, NV 89115 
Telephone: (800) 587-1784 

• Rain For Rent: 5005 E Carey 
Las Vegas, NV 89115 
Telephone: (702) 632-0281 

• Water Movers: 311W Utah Avenue 
Las Vegas, NV 89102 
Telephone: (702) 932-8822 



 

 

 

 

 

APPENDIX A 

See Landfill Engineering Report, Appendix 2 

Calculation C.08:  LDS Flow Capacity, ALR, and Extraction Rate 



 

 

 

 

 

 

APPENDIX 5 

GEOTECHNICAL EVALUATIONS 

 
Geotechnical Investigation of Trench 12 at the US Ecology Hazardous Waste Management 

Facility, Beatty, Nevada (Grant Environmental 1994) 
 

Geotechnical Investigation in Support of Trench 13 Construction - September 2015 
  



 

 

 

 

 

 

Geotechnical Investigation of Trench 12 at the US Ecology Hazardous Waste Management 

Facility, Beatty, Nevada (Grant Environmental 1994). 

 
  























































































































































































































































 

 

 

 

 

 

Geotechnical Investigation in Support of Trench 13 Construction - September 2015 
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1 INTRODUCTION	

This	report	presents	the	results	of	the	subsurface	exploration	and	geotechnical	laboratory	

testing	conducted	for	the	planned	Trench	13	at	the	US	Ecology	Nevada	(USEN)	facility	near	

Beatty	in	Nye	County,	Nevada.		The	new	disposal	trench	is	to	be	located	south	of	the	active	

disposal	and	support	areas	on	a	portion	of	the	400‐acre	tract	recently	transferred	by	the	BLM	

to	the	State	of	Nevada.		This	exploration	was	planned	and	performed	during	September	2015	

by	personnel	representing	AquAeTer,	Inc.	and	Swift	River	Environmental	Services,	LLC.		

In	addition,	specialized	services	including	excavation,	drilling,	and	laboratory	testing	were	

performed	by	USEN	personnel	and	subcontractors	engaged	by	AquAeTer.	

Figure	1	shows	the	project	site	and	the	locations	where	subsurface	data	were	collected.	

1.1 PURPOSE	AND	SCOPE	OF	WORK	

The	subsurface	exploration	and	geotechnical	laboratory	testing	was	performed	in	support	of	

design	 activities	 for	 Disposal	 Trench	 13,	 and	 to	 supplement	 subsurface	 and	 physical	

properties	 data	 obtained	 by	 previous	 subsurface	 drilling	 done	 at	 the	 USEN	 facility	 near	

proposed	Trench	13,	including	drilling	and	geotechnical	testing	done	prior	to	and	during	the	

construction	of	Disposal	Trench	12.		

The	scope	of	the	Trench	13	subsurface	exploration	included	soil	sampling,	laboratory	testing,	

and	preparation	of	this	report.		Subsurface	materials	were	exposed,	described,	and	sampled	

from	 four	 test	 pits	 and	 two	 soil	 borings.	 	 Geotechnical	 laboratory	 testing	 was	 done	 on	

samples	collected	from	each	test	pit	and	boring.	

1.2 PROJECT	DESCRIPTION	

Disposal	Trench	13	is	planned	as	the	next	waste	disposal	unit	on	property	leased	by	USEN	

from	the	State	of	Nevada.		Trench	13	is	planned	as	a	RCRA	Subtitle	C	land	disposal	unit	with	

the	 capacity	 (and	 authorization)	 to	 also	 accept	 Toxic	 Substances	 Control	 Act	 (TSCA)‐

regulated	wastes.		The	construction	of	the	Trench	requires	excavation	to	the	trench	design	

depth	of	approximately	75	feet	below	ground	surface.		Slope	stability	of	the	trench	sidewalls	

is	critical	from	a	constructability	and	safety	issue.		Subsurface	soil	types	present	at	Trench	
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13	are	expected	 to	be	 similar	 to	 those	known	 to	be	present	across	 the	USEN	 facility	and	

specifically	within	 previous	 disposal	 cell	 excavations.	 	 Accordingly,	 the	 stratigraphic	 and	

lithologic	character	of	site‐wide	subsurface	materials,	as	well	as	the	physical	properties	of	

those	materials,	are	important	for	consideration	in	Trench	13	design.		The	present	Trench	

13	 subsurface	 exploration	 effort	 was	 intended	 to	 confirm	 the	 similarity	 of	 Trench	 13	

subsurface	materials	to	those	materials	present	elsewhere	on	the	property	and	to	provide	

site‐specific	information	for	consideration	in	design.	

Previous	disposal	cell	excavations	on	the	site	document	the	presence	of	a	surface	soil	layer	

of	 loose,	unconsolidated	(non‐cemented)	soil	overlying	dense,	 consolidated	(cemented	or	

tightly	bound)	material	that	forms	the	majority	of	the	excavated	disposal	trench	walls.		This	

loose	soil,	also	characterized	as	low	cohesion	or	cohesionless,	typically	has	been	removed	

and	then	replaced	with	compacted	native	soil	during	construction	activities.	 	The	test	pits	

done	for	this	subsurface	exploration	were	excavated	to	confirm	the	presence	and	physical	

characteristics	of	this	material	and	the	depth	of	the	boundary	between	the	surficial	layer	and	

underlying	 consolidated	material,	 and	 to	 gather	 samples	 for	 determination	 of	 moisture‐

density	relationship	(i.e.,	compaction	properties)	and	shear	strength.	

Previous	 drilling	 near	 the	 Trench	 13	 location	 documents	 the	 presence	 of	 predominantly	

coarse‐grained	materials	to	depths	exceeding	the	design	maximum	depth	(75	feet)	of	Trench	

13.		Borings	drilled	for	the	Trench	13	subsurface	exploration	were	made	to	document	the	

characteristics	of	the	subsurface	materials	that	will	be	exposed	in	the	Trench	13	excavation,	

particularly	with	regard	to	excavation	wall	stability.	

1.3 SITE	DESCRIPTION	

The	USEN	facility	is	approximately	11	miles	south	of	Beatty,	in	Nye	County,	Nevada	on	the	

west	side	of	US	95.		The	USEN	facility	is	a	rectangular‐shaped	parcel	that,	including	the	lease	

of	State	of	Nevada	property	recently	transferred	from	BLM,	has	a	total	area	of	approximately	

440	acres.		Disposal	Trench	13	will	occupy	a	47.3	acre	portion	of	the	property	south	of	the	

existing	US	Ecology	waste	treatment	and	disposal	areas.	
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The	Trench	13	location	is	bounded	by	BLM	land	to	the	south	and	east;	the	existing	US	Ecology	

waste	treatment	and	disposal	site	to	the	north,	and	the	40‐acre	USGS	research	area	to	the	

west.		At	the	time	of	this	geotechnical	investigation,	the	Trench	13	footprint	was	undisturbed	

land	with	sparse	native	desert	vegetation	and	some	minor	ephemeral	washes.		The	project	

location	is	shown	on	Figure	1.	
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2 SITE	CONDITIONS	

2.1 GEOLOGY	

The	USEN	Facility	is	located	in	the	Amargosa	Desert	basin	which	was	formed	by	normal	block	

faulting,	which	displaced	the	surrounding	strata	upward	with	respect	to	the	crustal	block	

underlying	 the	 valley.	 	 This	 widespread	 structural	 process	 formed	 the	 characteristic	

topography	of	the	entire	Basin	and	Range	province.		Erosion	of	the	uplifted	areas,	during	and	

after	their	displacement,	has	filled	the	basin	with	a	variety	of	sedimentary	deposits.		These	

deposits	reach	a	depth	of	about	1,000	feet	in	the	center	of	the	basin	near	Lathrop	Wells.	

The	sediments	of	the	valley	floor	are	loose	to	partly	indurated	and	Tertiary	to	Quaternary	in	

age.		Deposited	as	alluvial	fans,	debris	flows,	streambeds,	dunes,	and	lake	or	marsh	beds,	they	

exhibit	 a	 very,	wide	 range	of	 shapes	 and	 grain‐size	distributions.	 	 The	mineralogy	of	 the	

sediments	varies	widely	as	well,	reflecting	the	diversity	of	their	source	rocks.	

Details	on	the	nature	of	the	unconsolidated	strata	beneath	the	facility	have	been	determined	

from	 the	 various	 borings	 and	 well	 installations,	 which	 have	 been	 made	 since	 1961.		

Hydrogeologic	investigations	have	been	conducted	at	the	site	to	determine	the	near‐surface	

and	subsurface	soil	properties	and	hydrologic	characteristics.			

Stratigraphic	 information	 derived	 from	 the	 site	 characterization	 and	 monitoring	 well	

installation	programs	for	the	USEN	facility	describe	a	sequence	of	deposits	consistent	with	

alluvial	fan	and	playa	depositional	processes.		Deposits	from	the	ground	surface	to	a	depth	

of	 approximately	 300	 feet	 beneath	 the	 USEN	 facility	 are	 alluvial	 in	 nature.	 	 The	 alluvial	

sediments	 are	 predominantly	 gravelly	 sands	with	 poorly	 sorted	 gravel	 or	 sand	 deposits	

which	occur	in	discontinuous	intervals.		The	gravelly	sand	extends	deeper	(approximately	

350	feet	below	ground	surface)	beneath	the	southwestern	portion	of	the	facility.	

2.2 STRATIGRAPHY	

Based	 on	 the	 subsurface	 field	 observations	 and	 examinations	 of	 soil	 samples	 in	 the	

laboratory,	 the	 subsurface	 materials	 encountered	 in	 the	 Trench	 13	 area,	 as	 well	 as	 the	

remainder	of	the	facility	property,	consist	of	coarse	granular	soils.		The	native	granular	soils	
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encountered	were	classified	as	silty	sand	and	poorly	graded	sand	with	silt	and	gravel	with	

occasional	 zones	 of	 cemented	 soil.	 	 The	 relative	 density	 of	 the	 granular	 materials	 was	

generally	loose	in	the	upper	five	feet	beneath	the	USEN	facility,	including	Trench	13	borings	

and	test	pits,	becoming	medium	dense	to	very	dense	with	depth.			

In	Trench	13	borings,	a	hard	indurated	soil	layer	was	identified	at	a	depth	of	about	65	to	75	

feet	bgs.	 	A	detailed	description	of	 subsurface	conditions	encountered	 is	provided	on	 the	

boring	logs	B‐1	and	B‐2	in	Appendix	A.	 	Subsurface	material	cross	sections	derived	from	

past	investigations	is	included	in	Appendix	B.	

2.3 GROUNDWATER	

Groundwater	is	present	beneath	the	USEN	facility	in	two	deep	zones,	termed	the	upper	and	

lower	 zones.	 	 Because	 of	 the	 shallow	 depth	 of	 the	 Trench	 13	 exploration,	 reflecting	 the	

Trench	13	design	depth,	neither	groundwater	zone	is	relevant	to	this	investigation.	

The	upper	zone	groundwater	monitoring	wells	nearest	 the	Trench	 investigation	area	are	

MW‐327,	MW‐315A,	MW‐311,	MW‐317	 and	MW‐309.	 	 These	wells	 are	 located	 along	 the	

southern	 boundary	 of	 the	 active	 facility.	 	 The	 depth	 to	 groundwater	 in	 these	 locations	

typically	is	greater	than	300	ft	bgs.		Upper	zone	groundwater	potentiometric	maps	developed	

for	 the	 site	 and	 presented	 in	 other	 reports	 show	 the	 predominant	 flow	 direction	 is	

southward	(ranging	from	southwestward	to	southeastward)	toward	the	Amargosa	River	at	

the	valley	center.		A	minor	groundwater	flow	divide	crosses	the	facility	and	the	flow	direction	

beneath	the	areas	of	Trenches	1	through	10,	11,	and	future	Trench	13	has	a	slightly	more	

southeastward	component.	

No	sign	of	perched	water	or	groundwater	was	encountered	during	the	Trench	13	exploration	

in	borings	or	test	pits.	
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3 SITE	INVESTIGATION	

3.1 BOREHOLE	EXPLORATION	

Subsurface	conditions	were	investigated	by	drilling	two	(2)	exploratory	borings	(B‐1	and	B‐

2)	on	September	9,	10,	and	11	at	the	locations	shown	in	Figure	1.		Each	boring	was	planned	

to	 be	 drilled	 to	 a	 depth	 of	 about	 100	 feet	 below	 ground	 surface	 (ft	 bgs).	 	 AquAeTer	

subcontracted	Eagle	Drilling,	of	Las	Vegas	Nevada,	to	advance	the	borings.		The	borings	were	

advanced	to	depths	of	approximately	96.5	feet	and	65	ft	bgs,	respectively,	using	hollow‐stem,	

continuous	flight	augers.	 	The	augers	were	8‐inch	outside	diameter,	with	a	4.5‐inch	inner	

diameter,	 and	 were	 “hard	 faced”	 on	 the	 flight	 edges	 with	 welding	 material	 to	 facilitate	

drilling.		Boring	B‐1	was	advanced	using	a	Mobile	B90	drill	rig.		The	B90	rig	had	a	mechanical	

failure	at	the	termination	depth	of	boring	B‐1	on	September	9,	so	a	Diedrich	D120	drill	rig	

was	brought	in	to	advance	boring	B‐2.		Drilling	started	on	boring	B‐2	on	September	10,	and	

drilling	ceased	when	the	drill	rig	met	refusal	at	65	ft	bgs	on	September	11.	

Borehole	 drilling	 were	 performed	 under	 the	 observation	 of	 an	AquAeTer	 and/or	 Swift	

River	representative,	who	visually	observed	the	site,	maintained	a	written	record	of	each	

boring,	visually	described	 the	soils	encountered,	and	selected	 soil	 samples	 for	 laboratory	

testing.		

Soil	 samples	 were	 taken	 every	 five	 feet	 for	 classification	 using	 a	 standard	 2‐inch	 outer	

diameter,	18‐inch	long	split‐tube	sampler.		Additional	samples	were	obtained	every	25	feet	

with	a	modified	California	split‐barrel	sampler	with	four	6‐inch	long	stainless	steel	liners.		

The	modified	California	sampler	was	3‐inch	outer	diameter	and	24	 inches	 long.	 	The	soil	

sampler	was	driven	into	the	soil	using	an	automatic	140‐pound	hammer	with	a	free	fall	of	

30‐inches.		The	penetration	resistance	(hammer	blows)	of	the	sampler	was	recorded	for	use	

in	 evaluate	 the	 consistency	 and/or	 relative	 density	 of	 the	 soil	 encountered.	 	 Penetration	

resistance	 values	 were	 recorded	 on	 field	 data	 logs	 as	 the	 number	 of	 blows	 required	 to	

advance	the	standard	sampler	through	three	successive	intervals	of	6	inches.		The	standard	

penetration	test	(SPT)	value	was	recorded	as	the	number	of	blows	required	to	advance	the	

standard	 sampler	12	 inches,	 typically	 the	 sum	of	blows	 required	 to	advance	 the	 sampler	

through	the	second	and	third	6‐inch	intervals.		This	“blows	per	foot”	value	is	the	standard	
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penetration	value	or	“N‐value”.			Where	soil	materials	are	very	dense,	the	test	was	concluded	

after	less	than	18	inches	of	penetration.		In	such	instances,	the	“N‐value”	is	recorded	as	blows	

for	the	first	12	inches	penetration,	100	blows	for	less	than	12	inches	penetration,	or	50	blows	

for	less	than	6‐inches	penetration.		The	soil	samples	recovered	were	visually	described	and	

classified	 in	 the	 field	 and	 through	 further	 examination	 in	 the	 laboratory	 in	 general	

accordance	with	the	Unified	Soils	Classification	System.	

Lithologic	records	for	the	two	borings,	 including	SPT	values,	are	included	in	Appendix	A.		

Photographs	taken	during	drilling	are	included	in	Appendix	C.	

3.2 STANDARD	PENETRATION	TEST	RESULTS	

SPTs	were	done	on	5.0	feet	intervals	in	each	of	the	two	borings.		Figure	8	shows	SPT	values	

in	both	borings	increasing	from	lower	values	associated	with	surface	and	shallow	soil	to	high	

values	in	the	lower	portions	of	both	borings.		SPT	values	increasing	with	depth	correlate	well	

with	the	increase	in	shear	strength	with	depth	considered	in	the	evaluation	of	the	stability	

of	excavation	sidewalls	while	unsupported	by	disposed	waste.	

3.3 LABORATORY	TESTING	OF	BORING	SAMPLES	

Laboratory	tests	were	conducted	on	the	California	barrel	samples	collected	from	each	of	the	

boreholes	 to	 determine	 pertinent	 physical	 and	 engineering	 properties.	 	 Samples	 were	

submitted	 to	Geotechnical	&	Environmental	Services,	 Inc.	of	Las	Vegas,	Nevada	 (GES)	 for	

testing.		Samples	submitted	to	the	laboratory	were	collected	from:	

 Boring	B‐1:	Depths	at	25,	50,	and	75	ft	bgs;	and	
 Boring	B‐2:	Depths	at	30,	50,	and	65	ft	bgs.	

These	tests	included	particle	size	distribution,	density,	and	moisture	content.		Test	results	

are	provided	in	Appendix	D.	

3.4 TEST	PIT	EXPLORATION	

Four	test	pits	were	excavated	with	an	excavator	to	allow	shallow	subsurface	materials	to	be	

observed,	described,	and	sampled.		The	test	pits	were	located	at	the	approximate	midpoints	

of	the	Trench	13	horizontal	control	line	on	north,	south,	east,	and	west	sides	of	the	trench	
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footprint,	 a	 short	 distance	 inside	 the	proposed	 excavation	 footprint.	 	 The	 locations	were	

marked	by	survey	prior	to	excavation;	the	locations	are	shown	on	Figure	1.	

The	test	pits	were	excavated	to	allow	samples	to	be	collected	for	laboratory	testing.		The	test	

pit	was	sized	to	allow	visual	observation	and	description	of	the	soil	horizons	exposed.		The	

pits	were	excavated	to	approximately	20	feet	by	6	feet	horizontal	area,	and	stepped	on	one	

end	to	allow	safe	access.		Additionally,	to	allow	for	test	pit	soil	observations,	no	trench	box	

or	other	shielding	was	used.		The	test	pits	were	excavated	with	one	of	the	side	walls	laid	back	

to	allow	for	the	safety	of	the	observers	in	the	pit.		

The	backhoe	operator	excavated	the	pits	until	a	significant	change	in	excavation	resistance	

was	identified.		Once	the	pits	were	excavated,	a	tape	measure	was	lowered	from	the	ground	

surface	to	the	deepest	portion	of	the	pit	to	measure	maximum	pit	depth.		Next,	the	test	pit	

walls	 were	 examined	 for	 the	 contact	 between	 the	 unconsolidated	 surface	 material	 and	

underlying	consolidated	material.	 	Visual	observation	and	resistance	to	excavation	with	a	

hand	shovel	was	used	to	estimate	the	contact	location.		The	unconsolidated	material	raveled	

easily,	while	the	consolidated	material	was	very	hard,	did	not	ravel	easily,	and	was	resistant	

to	penetration.			

Bulk	samples	were	collected	with	the	hand	shovel.		The	unconsolidated	sample	was	easier	

to	 collect,	 removing	 material	 from	 one	 of	 the	 upper	 access	 benches	 into	 the	 pit.	 	 The	

consolidated	material	was	more	difficult	to	collect,	and	was	performed	by	chipping	material	

out	from	the	wall	into	the	bucket.	 	Care	was	taken	to	limit	the	amount	of	surface	material	

entering	the	consolidated	sample	container.	

Photographs	taken	during	pit	investigation	are	included	in	Appendix	E.	

3.5 LABORATORY	TESTING	OF	TEST	PIT	SAMPLES	

Laboratory	tests	were	conducted	on	samples	considered	representative	for	the	purpose	of	

classification	 and	 to	 determine	 pertinent	 physical	 and	 engineering	 properties.	 	 The	 two	

general	soil	types	exposed	in	each	test	pit	were	sampled.		Each	bulk	sample	was	comprised	

of	two	5‐gallon	pails.	 	The	samples	were	numbered	and	labeled	with	the	general	material	
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type	(unconsolidated	and	consolidated),	date	and	time	of	sampling,	and	test	pit	number	for	

a	total	of	8	samples.		The	samples	were	submitted	to	GES	for	testing.		These	tests	included	

particle‐size	distribution,	moisture‐density	relationship,	and	direct	shear.		

Table	2	provides	the	results	of	laboratory	testing	of	surface	and	shallow	soil.	 	Laboratory	

analyses	results	from	test	pit	samples	are	provided	in	Appendix	F.	
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4 LABORATORY	ANALYSES	

4.1 BORING	SAMPLE	PROPERTIES	

Six	soil	samples	were	collected	from	the	two	borings	using	a	modified	California	split	–barrel	

sampler	with	6”	stainless	steel	liners.		Filled	sample	liners	from	each	sample	were	capped,	

taped,	and	stored	in	a	sealed	plastic	bag	until	delivery	to	the	laboratory	for	analysis.	

The	physical	properties	determined	by	laboratory	testing	are	summarized	in	Table	1.		The	

samples	from	both	borings	show	a	decrease	in	density	and	increase	in	moisture	content	with	

depth.		These	relationships	are	illustrated	in	Figures	2	and	3.	

Grain‐size	 distribution	 also	 can	 be	 correlated	with	 depth.	 	 A	 relationship	 is	 observed	 of	

increasing	 sand	 and	 fines	with	 depth	 and	 a	 decreasing	 percentage	 of	 gravel	with	 depth.		

Graphs	of	the	percentage	of	materials	in	the	samples	were	developed	for	Borings	1	and	2,	

and	are	shown	in	Figures	4	and	5,	respectively.		Boring	1	indicates	a	higher	percentage	of	

gravel	in	the	shallowest	sample	collected	at	25	feet	than	the	sample	collected	five	feet	lower	

at	30	feet	from	Boring	2.	

Both	sample	borings	identified	a	hard,	cemented	layer	at	about	65	feet	bgs.		Boring	2	was	

terminated	at	this	depth	because	of	drilling	refusal	(i.e.,	deeper	penetration	by	augering	was	

not	possible).		The	deepest	sample	from	Boring	2	had	the	greatest	amount	of	fines	in	any	of	

the	 six	 samples	 collected	 from	 the	 borings.	 	 Test	 results	 for	 the	 soil	 boring	 samples	 are	

presented	in	Appendix	D.	

Although	 a	 gradation	 correlation	with	 depth	 is	 suggested	 by	 these	 analyses	 results,	 it	 is	

important	to	recognize	that	samples	tested	were	separated	by	25	vertical	feet	and	gradation	

variations	 occurring	 within	 the	 interval	 between	 samples	 would	 not	 be	 recognized.		

Gradation	 sequences	 representing	 changes	 in	 depositional	 environment	 have	 been	

identified	 by	 geologic	 description	 of	 USEN	 trench	 walls	 in	 the	 past.	 	 “Fining	 upward”	

sequences	with	varying	vertical	dimensions	have	been	documented	by	sidewall	mapping.		
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Several	 sequences	 of	 very	 coarse‐grained	 basal	 materials	 capped	 by	 successively	 finer	

materials	have	been	observed	in	USEN	trench	walls.1	

4.2 TEST	PIT	SAMPLE	PROPERTIES	

The	test	pits	were	excavated	to	determine	shallow	stratigraphy	including	the	thickness	and	

physical	 properties	 of	 the	 natural	 low‐cohesion	 surface	 soil	 layer.	 	 The	 objective	 of	

laboratory	testing	was	to	provide	site‐specific	physical	properties	for	the	surface	soil	layer	

that	 will	 result	 from	 using	 compacted	 soil	 to	 replace	 the	 low‐cohesion	 native	 soil	 and	

construct	the	leveling	berm	that	will	form	the	uppermost	part	of	Trench	13	sidewalls.	

The	laboratory	results	for	Trench	13	test	pits	are	reasonably	consistent	with	data	collected	

previously	 for	 Trench	 12.	 	 The	material	 observed	 and	 sampled	 from	 the	 four	 pits	 were	

grouped	into	two	general	classes:		

 “unconsolidated”	(meaning	the	cohesionless	or	low‐cohesion	surface	soil)	and		
 “consolidated”	(indicating	the	indurated	soil	beneath	the	low	‐cohesion	layer).	

Figure	6	 shows	 the	 shear	 strength	 values	 for	 recompacted	 samples	made	 from	 the	 two	

material	types	in	the	four	pits.			

Soil	samples	tested	from	Trench	13	geotechnical	 investigation	test	pits	were	identified	as	

“unconsolidated”	and	“consolidated”.		Eight	samples	were	tested,	one	from	each	of	these	soil	

types	from	each	of	four	test	pits.		The	following	tests	were	done.	

 Grain‐size	analyses	&	soil	classification	–	ASTM	D422	&	D2487	
 Moisture‐density	relationship	–	ASTM	D1557	(also	called	Modified	Proctor)	
 Direct	shear	–	ASTM	D3080	

Moisture‐density	testing	determined	the	compaction	criteria	to	be	used	for	replacement	of	

surface	soil	and	berm	construction.	 	For	the	direct	shear	testing,	the	test	specimens	were	

prepared	 to	 satisfy	 these	 compaction	 criteria.	 	 Test	 specimens	were	 compacted	 at	 a	 dry	

density	 and	 moisture	 content	 intended	 to	 represent	 the	 condition	 of	 the	 replaced	 and	

                                                            
1			 U.S.	Geological	Survey,	2010,	“Characterization	of	Geologic	Deposits	in	the	Vicinity	of	US	Ecology,	Amargosa	

Basin,	Southern	Nevada.		USGS	Scientific	Investigations	Report	2010‐5134.	
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compacted	surface	soil.	 	The	target	Maximum	Dry	Density	(MDD)	and	Optimum	Moisture	

Content	(OMC),	as	determined	by	ASTM	D1557,	were	95%	(min.)	and	OMC	±	2%2.	

Considering	all	of	the	test	pit	sample	values	to	be	representative	of	the	mixed	materials	that	

will	be	used	for	the	replaced	and	compacted	surface	soil	layer,	the	average	properties	are:	

Density	=	125	PCF	

Cohesive	strength,	C	=	300	PSF	

Angle	of	internal	friction,	phi	=	35	degrees	

The	Trench	12	values	are	similar	and	could	be	considered	together	with	the	more	recent	

Trench	 13	 test	 results	 resulting	 in	 a	 slightly	 lower	 density	 and	 slightly	 higher	 cohesion.		

However,	Trench	13	slope	stability	analyses	were	done	using	the	average	of	only	the	Trench	

13	values.		This	shallow	soil	data	from	test	pit	sample	testing	is	incorporated	into	Trench	13	

design	calculations	of	excavation	stability.			

Test	results	are	presented	in	Appendix	E.	

4.3 SUMMARY	

The	lithologic	boring	records,	grain‐size	analyses,	and	density	evaluations	for	the	two	soil	

borings	demonstrated	consistency	with	past	investigations	performed	for	Trench	11	and	12,	

and	in	other	investigative	borings	drilled	for	monitoring	well	installation.		The	soil	samples	

collected	from	the	two	borings	show	a	general	reduction	in	grain	size	with	depth.		However,	

past	 geologic	 studies,	 and	 the	 boring	 logs	 from	 the	 two	 borings	 done	 for	 the	 Trench	 13	

exploration,	 show	 multiple	 sequences	 of	 fining	 upwards	 behavior,	 so	 it	 is	 likely	 just	 a	

coincidence	that	the	samples	selected	for	the	laboratory	analysis	became	consistently	more	

fine‐grained	with	depth.			

                                                            

2			 The	dry	densities	of	soil	samples	tested	to	determine	cohesive	strength	were	lower	that	95%	MDD.		
These	values	represent	the	densities	before	testing	and	higher	‘as‐tested’	densities	would	have	resulted	
from	normal	loads	imposed	to	conduct	direct	shear	testing.		The	as‐tested	densities	more	directly	
represent	the	‘as	compacted’	soil	properties	in	the	excavation	sidewall.	
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The	moderately	cemented	layer	with	increased	fines	that	was	identified	at	depths	of	about	

65	 to	75	 feet	 bgs,	 near	 the	design	depth	of	 the	proposed	Trench13,	will	 serve	 as	 a	 good	

foundation	for	the	trench	bottom	and	bottom	liner	system.	

The	initial	Trench	13	slope	stability	analyses	considered	the	compacted	surface	soil	 layer	

replacing	the	“cohesionless”	surface	soil	layer	to	be	as	much	as	26	feet	thick.		This	estimate	

of	compacted	soil	layer	thickness	included	16	feet	of	unconsolidated	material	to	be	removed	

and	replaced	with	compacted	fill,	and	an	additional	10	feet	of	compacted	fill	placed	as	the	

leveling	berm.	 	The	test	pit	 information	suggests	that	the	thickness	of	 the	unconsolidated	

material	 is	 less,	at	about	five	feet.	 	The	Trench	13	slope	stability	design	calculations	were	

revised	to	consider	the	thinner	low‐cohesion	surface	soil	layer	and	the	physical	properties	

determined	for	Trench	13	samples.		For	conservatism	in	the	design	calculation,	an	excavation	

depth	of	10	feet	of	soil	was	considered	for	replacement,	with	10	feet	of	additional	compacted	

fill	forming	the	leveling	berm	for	vertical	grade	control.		Those	analyses	show	the	excavation	

sidewalls	to	remain	stable	under	static	and	pseudo‐static	(earthquake)	conditions.	

In	the	shallow	soil	zones	explored	by	test	pits,	the	consolidated	and	unconsolidated	shear	

strength	 and	 friction	 angle	 results	 are	 similar.	 	 It	 is	 essentially	 the	 same	 soil,	 with	 the	

unconsolidated	 layer	 typically	 having	 slightly	more	 fines.	 	 This	may	 be	 attributed	 to	 the	

natural	accumulation	of	windblown	fines	in	the	surface	soil.	 	When	excavated,	mixed,	and	

compacted	with	moisture	added,	both	materials	should	work	equally	well	as	 fill	material.		

This	similarity	eliminates	the	need	to	segregate	during	excavation.	
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5 RECOMMENDATIONS	

5.1 SITE	CLEARING	AND	EXCAVATIONS	

The	unconsolidated	material	should	be	removed	from	the	trench	edge	out	to	the	design	limit	

of	the	anchor	trench	and	final	cover.	 	Prior	to	the	Trench	13	excavation,	surface	grubbing	

should	be	performed	to	remove	vegetation,	organic	material,	debris,	and	other	deleterious	

materials	from	the	anchor	trench	areas	and	areas	that	will	be	below	the	Trench	13	cover	

extent.	 	 The	 excavation	 will	 be	 performed	 before	 trench	 excavation	 to	 avoid	machinery	

working	near	the	trench	edge.		The	unconsolidated	soils	should	be	excavated	to	the	depth	of	

the	consolidated	material	(to	be	determined	by	observation	by	quality	control	personnel)	to	

remove	the	unsuitable	deposits.		Based	on	the	test	pit	excavations,	this	depth	will	be	about	

5.0	ft	bgs,	but	up	to	10	feet	has	been	examined	under	the	stability	calculations.		The	exposed	

consolidated	soils	should	then	be	scarified	to	a	depth	of	about	0.5	feet,	moisture‐conditioned	

and	re‐compacted	in	accordance	with	project	specifications.	

5.2 REWORKED	SURFACE	MATERIAL	AND	COMPACTION	

Reworked	surface	material	used	for	fill	should	be	moisture	conditioned	as	required,	evenly	

spread	 on	 a	 horizontal	 plane	 in	 12‐inch	 thick	 loose	 lifts	 or	 lifts	 that	 do	 not	 exceed	 the	

maximum	particle	size	and	compacted	to	the	following:	

 Trench	edge	fill	material	and	any	structural	fill	locations	should	be	compacted	to	a	
minimum	95	percent	of	maximum	dry	density	and	within	2	percent	of	optimum	
moisture	content	as	determined	by	ASTM	D1557.	

Drainage	diversion	should	be	provided	at	the	top	of	slopes	to	prevent	water	from	flowing	

over	the	slope	surface	and	into	the	unconsolidated	material	excavation,	anchor	trench	and	

Trench	13	excavation.	

5.3 SUBSURFACE	EXCAVATION	AND	STABILITY	

Based	on	materials	encountered	in	the	borings	and	test	pits,	excavations	extending	into	the	

native	soil	deposits	should	not	require	excavation	equipment	different	than	has	been	used	

in	other	excavation	on	the	USEN	property.		Specifically,	some	less	well‐cemented	materials	

probably	can	be	self‐excavated	by	typical	equipment	(e.g.,	scrapers),	but	excavation	of	most	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 
 

17 

cemented	or	 indurated	materials	will	 require	equipment	assists	 (e.g.,	 scrapers	pushed	by	

bulldozers)	and/or	prior	excavator	ripping.	
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6 CONCLUSIONS	

In	 general,	 the	 near	 surface	 native	 soils	 were	 found	 to	 be	 low	 strength,	 unconsolidated	

material	with	low	expansion	potential.			

Based	on	our	field	and	laboratory	investigation,	the	near	surface	and	subsurface	materials	in	

the	Trench	13	location	are	similar	to	those	identified	elsewhere	on	the	USEN	property.		The	

engineering	properties	of	both	the	unconsolidated	materials	and	consolidated	materials	are	

consistent	 with	 behavior	 exhibited	 during	 the	 construction	 of	 Trenches	 11	 and	 12,	 but	

slightly	weaker	and	thinner	in	extent.		The	excavation	slope	stability	analyses	were	amended	

to	incorporate	the	information	determined	through	this	subsurface	exploration	and	testing.	
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Table	1	 Boring	Sample	Physical	Data	

Boring	
Depth	
(Ft	BGS)	 USCS	

Gravel	
	%	

Sand		
%	

Fines		
%	

Dry	
Density	
(PCF)	

Moisture	
Content	

%	

B‐1	 25	 GW	 60 38 2 110.5	 4.6
B‐1	 50	 SW	 36 41 7 105.8	 6.0
B‐1	 75	 SW	 23 67 10 98.3	 7.7
B‐2	 30	 SW	 29 62 9 94.3	 3.9
B‐2	 50	 SM	 22 66 12 86.1	 6.7
B‐2	 65	 SM	 11 70 19 83.5	 7.4
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Table	2	 Surface	Soil	Replacement	–	Compaction	Properties	and	Shear	Strength	

Sample	 	

Shear	
Strength	
(Cohesion)	
(PCF)	

Phi	Angle	
(degrees)

Maximum	
Dry	

Density	
(PCF)	

Optimum	
Moisture	
Content	
(	%)	

Specimen	
Dry	

Density	
(PCF)	
(as	

tested)	

Specimen	
Dry	Density	
(Percent	
MDD)	

(as	tested)	

Specimen	
Moisture	
Content	
(%)	
	(as	

tested)	

Gravel
(%)	

Sand	
(%)	

Fines
(%)	

Unconsol	 1	 250	 30.6	 117.6	 10.5	 105.9	 90.1%	 10.7	 6.0	 70.0	 24.0	

Unconsol	 2	 550	 34.0	 120.7	 10.6	 109.3	 90.6%	 10.4	 20.0	 67.0	 13.0	

Unconsol	 3	 170	 32.2	 123.9	 7.8	 111.6	 90.0%	 7.9	 20.0	 63.0	 17.0	

Unconsol	 4	 270	 30.1	 127.0	 7.7	 114.7	 90.3%	 7.5	 19.0	 63.0	 18.0	

Consol	 1	 410	 32.8	 130.0	 6.5	 117.4	 90.3%	 6.3	 5.0	 73.0	 22.0	

Consol	 2	 310	 37.6	 125.8	 8.2	 116.4	 92.5%	 7.5	 25.0	 68.8	 6.2	

Consol	 3	 300	 41.2	 131.7	 6.9	 119.5	 90.7%	 6.9	 30.0	 64.1	 5.9	

Consol	 4	 150	 40.6	 124.5	 6.0	 113.0	 90.8%	 6.1	 42.0	 55.8	 2.2	

	 	 	 	 	 	 	 	 	 	 	 	

Averages:	 	 	 	 	 	 	 	 	 	 	 	

All	soil	 	 301	 34.9	 125.2	 8.0	 113.5	 90.7%	 ‐‐	 20.9	 65.6	 13.5	

Unconsol	 	 285	 34.2	 124.0	 8.0	 112.2	 90.4%	 ‐‐	 25.3	 62.2	 12.6	

Consol	 	 318	 35.6	 126.3	 8.0	 114.8	 90.9%	 ‐‐	 16.5	 69.0	 14.5	
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Figure	1	 Site	Map	
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Figure	2	 Borings	B‐1	and	B‐2	Dry	Density	

 

 

Figure	3	 Borings	B‐1	and	B‐2	Moisture	Content	
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Figure	4	 Boring	B‐1:	Grain	Size	Percentage	

 

 

Figure	5	 Boring	B‐2:	Grain	Size	Percentage	
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Figure	6	 Recompacted	Shallow	Soil	Shear	Strength	

 

 

Figure	7	 Recompacted	Surface	Soil	Friction	Angle	
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Figure	8	 Borings	B‐1	and	B‐2,	Standard	Penetration	Test	Values	
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APPENDIX	A	

Boring	Logs	B‐1	and	B‐2	
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Appendix	B	

Previous	Subsurface	Cross	Sections	
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APPENDIX	C	

Site	Photos	‐	Borings	
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Photo	1:	Drilling	at	Boring	B‐1	
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Photo	2:	Auger	flights	with	welded	beading	to	improve	cutting,	at	Boring	B‐1	
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Appendix	D	

Laboratory	Analyses	–	Borings	
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Moisture/Density Log - Sample Rings 

Project Name: USE TRENCH 13 GEOTECH 

Project No.: 2015 MISC/SWIFT RIVER Tested By: T. FULLER 

Sample BORING 1 BORING 1 BORING 1 BORING 2 BORING 2 
Depth 25' 50' 75' 30' 50' 

Lab No.: 
Date: 

BORING 2 
75' 

15-266 
09/15/15 

7150 Placid Street 

Las Vegas, NV 89119 

(702) 365-1001 
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Soil Description: 

Remarks/Condition: 

Lenqth (in) 12 12 6 12 6 6 
Tube + Wet Soil (qm) 2218.80 2173.87 1040.30 1974.40 949.80 928.90 
Tube (qm) 571 .00 574.79 285.80 578.20 295.40 289.60 
Wet Soil (qm) 1647.80 1599.08 754.50 1396.20 654.40 639.30 
Volume (in3

) 0.0314 0.0314 0.0157 0.0314 0.0157 0.0157 
Wet Density lbs/ft3 115.6 112.2 105.9 98.0 91.8 89.7 
:~:::::::;:::;:~:::::+:+:•:•!i:::::;:::;:;:!:!:;:;::::f+~!!~1:i:::::;:z:;:::::r:::::::~ ~!:!!,;~:~;:~:~:«!!!!!::::!·::~::~::;~~~;::;:r~;:::::~=:!~!'!4~:!%:i!!t:;ltt~~~:!:~~::;::~:·!·;:~:~:.;:;:;:~~:r:~!l:;±;:;:::::::;:;:::;:;:;:;:;:;:;:;::.:i:::::::(~!·:~;t;:;t::;:::;:;:?.;:::;::!::::(:::::::::::::~:!::::;~~~:;:;:~;: 

Tare + Wet Soil (Qm) 932.40 894.70 475.20 704.46 357.00 389.74 
Tare + Drv Soil (Qm) 896.00 850.00 449.00 682.00 341.50 370.50 
Water Loss lam) 36.40 44.70 26.20 22.46 15.50 19.24 
Tare Weiqht (Qm) 110.34 108.50 108.70 108.40 108.60 111 .20 
Wt. Dry Soil (gm) 785.66 741.50 340.30 573.60 232.90 259.30 
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Moisture Content(%) 4.6 6.0 7.7 3.9 6.7 7.4 
Dry Density (lbs/ft3) 110.5 105.8 98.3 94.3 86.1 83.5 

XX  65 ft
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100 10 1 0.1 0.01 0.001 

GRAIN SIZE - mm. 

%+3" 
% Gravel %Sand % Fines 

Coarse Fine Coarse Medium I Fine Silt I Clay 

0 26 I 34 15 I 15 I 8 2 

SIEVE PERCENT SPEC.* PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) 

2 100 
1.5 80 
1 74 

Atterberg Limits .75 74 
.5 66 PL= NIA LL= NIA Pl= NIA 

.375 58 Coefficients 
#4 40 Dgo= 44.5334 Da5= 41 .3484 D6o= 10.1441 
#8 27 D50= 7.1236 D30= 2.8" l'O D15= 0.8638 

#10 25 D10= 0.4448 Cu= 22.81 Cc= 1.78 
#16 18 

Classification #30 12 
#40 10 USCS= GW AASHTO= NIA 

#50 7 Remarks 
#100 4 SAMPLED BY:CLIENT 
#200 2.0 ASTM D6913 

- (no specification provided) 

Location: BORING 1 @25' 
Sample Number: B-1 Depth: 25' Date: 09/15/15 

m GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES, INC. 

GES Proiect No: 2015 MISC Fi!wre 15-266-1 

Tested By: T. FULLER 
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I I I I '\ . 
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0.1 

GRAIN SIZE - mm. 
%Sand 

Medium I Fine 

23 I 18 

Silt 

SIEVE 
SIZE 

PERCENT 
FINER 

SPEC.* 
PERCENT 

PASS? 
(X=NO) 

Soil Description 

PL= NIA 

Dgo= 18.9830 
050= 2.1568 
010= 0.1320 

Atterberg Limits 
LL= NIA 

Coefficients 
0 85= 13.2152 
D30= 0.5843 
Cu= 27.67 

0.01 

% Fines 

7 

Pl= NIA 

1 
.75 
.5 

.375 
#4 
#8 
#10 
#16 
#30 
#40 
#50 

#100 
#200 

100 
90 
84 
79 
64 
52 
48 
40 
30 
25 
19 
11 USCS= NIA 

Classification 
AASHTO= NIA 

6.6 

• (no specification provided) 

Remarks 
SAMPLED BY:CLIENT 
ASTM D6913 

0.001 

Clay 

Location: BORING 1 @50' 
Sample Number: B-1 Depth: 50' Date: 09/15/15 

!I 
GES 

GEOTECHNICAL & 
ENVIRONMENTAL 
SERVICES INC. 

Client: SWIFT RIVER ENVIRONMENT AL SERVICES 

Project: USE TRENCH 13 GEOTECH 

Project No: 2015 MISC Figure 15-266-2 

Tested By: T. FULLER 
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I 11 I I I I I I I I I r .. 
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0 I I I I I I I I I I I I I I 
100 10 1 0.1 0.01 0.001 

GRAIN SIZE - mm. 

%+3" 
% Gravel %Sand % Fines 

Coarse Fine Coarse Medium I Fine Silt Clay 

0 5 18 21 30 I 16 10 

SIEVE PERCENT SPEC.* PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) 
1.5 100 
1 95 

.75 95 
Atterberg Limits .5 90 

.375 86 PL= NIA LL= NIA Pl= NIA 
#4 77 Coefficients 
#8 60 Dgo= 12.4109 085= 8.7099 060= 2.3666 

#10 56 050= 1.5418 030= 0.5270 015= 0.1859 
#16 44 010= 0.0798 Cu= 29.67 Cc= 1.47 
#30 32 

Classification #40 26 
#50 20 USCS= NIA AASHTO= NIA 

#100 13 Remarks 
#200 9.7 SAMPLED BY:CLIENT 

ASTMD6913 

• (no specification provided) 

Location: BORING 1 @ 75' 
Sample Number: B-1 Depth: 75' Date: 09115115 

II GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES INC. 

GES Project No: 2015 MISC Fi11ure 15-266-3 

Tested By: T. FULLER 
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% Gravel 
Coarse Fine 

6 23 

PERCENT SPEC.* 

FINER PERCENT 

I 

I 
I 

Coarse 

17 

PASS? 

(X=NO) 

II I I I ' 

I 
I 

I I 
I I 

I I I 
I I I 

GRAIN SIZE - mm. 
%Sand 

Medium I Fine 

33 I 12 

PL= NIA 

Ogo= 14.9529 
050= 1.6787 
010= 0.1030 

0.1 

Silt 

Soil Description 

Atterberg Limits 
LL= N/A 

Coefficients 
Oa5= 10.2653 
0 30= 0.6747 
Cu= 24. 19 

0.01 

% Fines 
Clay 

9 

Pl= NIA 

0 60= 2.4911 
015= 0.2337 
Cc= 1.77 

100 
94 
88 
84 
71 
59 
54 
43 
27 
21 
17 
12 USCS= NIA 

Classification 
AASHTO= NIA 

8.7 Remarks 
SAMPLED BY:CLIENT 
ASTMD6913 

0.001 

" (no specification provided) 

Location: BORING 2@ 30' 
Sample Number: B-2 Depth: 30' 

ti 
GES 

GEOTECHNICAL & 
ENVIRONMENTAL 
SERVICES, INC. 

Date: 09/15/15 

Client: SWIFT RIVER ENVIRONMENTAL SERVICES 

Project: USE TRENCH 13 GEOTECH 

Project No: 2015 MISC Fi~ure 15-266-4 

Tested By: _,T-'--. _,__F-=U-=L=LE=R'-'--------
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100 10 1 0.1 0.01 0.001 

GRAIN SIZE - mm. 

%+3" 
% Gravel %Sand % Fines 

Coarse Fine Coarse Medium I Fine Silt Clay 

0 7 15 19 I 26 I 21 12 

SIEVE PERCENT SPEC." PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) 
1.5 100 
1 93 

.75 93 
Atterberg Limits .5 93 

.375 91 PL= NIA LL= NIA Pl= NIA 

#4 78 Coefficients 
#8 62 Dgo= 8.8311 Ds5= 6.4859 0 60= 2.1391 

#10 59 D50= 1.2308 D30= 0.3473 D15= 0.1051 
#16 49 D10= Cu= Cc= 
#30 39 

Classification #40 33 
#50 28 USCS= NIA MSHTO= NIA 

#100 19 Remarks 
#200 12 SAMPLED BY:CLIENT 

ASTM D6913 

• (no specification provided) 

Location: BORING 2 @50' 
Sample Number: B-2 Depth: 50' Date: 09/15/15 

m GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES INC. 

GES Proiect No: 2015 MISC Fiaure 15-266-5 

Tested By: __,T"""'" . ...:....F-=U-=L=LE= R'-'--------
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GRAIN SIZE - mm_ 

%+3" 
% Gravel %Sand % Fines 

Coarse Fine Coarse Medium I Fine Silt Clay 

0 4 7 9 20 I 41 19 

SIEVE PERCENT SPEC.* PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) 
1.5 100 
1 96 

.75 96 
Atterberg Limits .5 96 

.375 94 PL= NIA LL= NIA Pl= NIA 

#4 89 Coefficients 
#8 83 Dgo= 5.7013 Da5= 2.8258 D50= 0.4196 

#10 80 D50= 0.2887 D30= 0.1409 D15= 
#16 74 D10= Cu= Cc= 
#30 67 

Classification #40 60 
#50 51 USCS= NIA AASHTO= NIA 

#100 31 Remarks 
#200 19 SAMPLED BY:CLIENT 

ASTMD6913 

~ (no specification provided) 

Location: BORING 2@ 75' 
Sample Number: B-2 Depth: 75' Date: 09/15/15 

&J GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENT AL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES INC. 

GES Proiect No: 2015 MISC Fic:iure 15-266-6 

Tested By: """"'T"""". -=-F-=U-=L=LE=R:....;...._ _____ _ 
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DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

APPENDIX	E	

Site	Photos	‐	Test	Pits	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	1:	Excavator	in	Operation	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	1:	North	wall	of	Pit	1,	total	depth	of	6	feet	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	1:	North	wall	of	Pit	1,	Unconsolidated/Consolidated	contact	at	3	feet	7	inches	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	2:		North	wall	of	Pit	2,	total	depth	of	9	feet	4	inches	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	2:	North	wall	of	Pit	2,	Unconsolidated/Consolidated	contact	at	3	feet	10	inches	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	2:	East	wall	of	Pit	2,	Unconsolidated/Consolidated	contact	at	3	feet	10	inches	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	3:	South	wall	of	Pit	3,	total	depth	5	feet	10	inches	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	3:	South	wall	of	Pit	3,	Unconsolidated/Consolidated	contact	at	3	feet	6	inches	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	4:		North	wall	of	Pit	4,	total	depth	8	feet	3	inches	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Test	Pit	4:	North	wall	of	Pit	4,	Unconsolidated/Consolidated	contact	at	4	feet	bgs	



DISPOSAL TRENCH 13 - SUBSURFACE EXPLORATION AND TESTING REPORT 
US Ecology Nevada 

Appendix	E	

Laboratory	Analyses	–	Test	Pits	



LIQUID AND PLASTIC LIMITS TEST REPORT 

60 lL ·- -

I 17 
50 A- "-6 v 
40 I '}Jr;:, v 

>< ~v UJ q"' 
0 A-6 or A-2-6 z v ~ 30 
(_) v i= en 
::s v a.. 

20 v ;., .7 .5 or A-2-7 

10 v 
I 

A-4 or A-2- A-5 or A-2-

0 I ·1 ·1 l 
0 10 20 30 40 50 60 70 80 90 100 110 

LIQUID LIMIT 

SOIL DATA 
NATURAL 

SOURCE 
SAMPLE DEPTH WATER PLASTIC LIQUID PLASTICITY 

AASHTO 
NO. CONTENT LIMIT LIMIT INDEX 

(%) (%) (%) (%) 

• LAB#l5-265 15-265-1 NIA NP NV NP A-2-4(0) 

• LAB#l5-265 15-265-2 NIA NP NV NP A-2-4(0) 

• LAB#15-265 15-265-3 NIA NP NV NP A-1-b 

• LAB#l5-265 15-265-4 NIA NP NV NP A-2-4(0) 

T LAB#l5-265 15-265-5 NIA NP NV NP A-1-a 

* LAB#l5-265 15-265-6 NIA NP NV NP A-2-4(0) 

<Zl LAB#15-265 15-265-7 NIA NP NV NP A-1-a 

1±1 LAB#l5-265 15-265-8 NP NY NP A-2-4(0) 

m GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES, INC. 

GES Proiect No.: 2015 MISC Fiqure 

Tested By: e A. SANDERS •A. SANDERS & A. SANDERS + J. JOHNSON ~ J. JOHNSON * J. JOHNSON <±J, 
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GRAIN SIZE - mm. 

%+3" 
% Gravel %Sand % Fines 

Coarse Fine Coarse Medium I Fine Silt Clay 

0 1 4 2 l l I 60 22 

SIEVE PERCENT SPEC.* PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) Silty sand 
l.5 100 
1 99 

.75 99 
Atterberg Limits .5 98 

.375 97 PL= NP LL= NV Pl= NP 

#4 95 Coefficients 
#8 93 Dgo= 1.0121 Da5= 0.5302 D6o= 0.1739 

#10 93 D50= 0.1357 D30= 0.0878 D15= 
#16 91 D10= Cu= Cc= 
#30 86 

Classification #40 82 
#50 76 USCS= SM AASHTO= A-2-4(0) 

#100 54 Remarks 
#200 22 ASTMD6913 

~ (no specification provided) 

Location: CONSOLIDATED PIT 1 
Sample Number: 15-265-1 Date: 09/25115 

~ 
GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENT AL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES, INC. 

GES Proiect No: 2015 MISC Fiaure 

Tested By: T. FULLER 
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GRAIN SIZE - mm. 
%Sand 

Coarse Medium I Fine 

2 I lo I 58 

Silt 

PASS? 

(X=NO) 

Soil Description 

Silty sand 

PL= NP 

Ogo= 1.1050 
050= 0.1340 
010= 

Atterberg Limits 
LL= NV 

Coefficients 
Oa5= 0.5423 
030= 0.0855 
Cu= 

Classification 

0.01 

% Fines 

24 

Pl= NP 
.375 
#4 
#8 

#10 
#16 
#30 
#40 
#50 

#100 
#200 

100 
99 
99 
98 
97 
94 
93 
92 
90 
86 
82 
76 
55 
24 

USCS= SM AASHTO= A-2-4(0) 

" (no specification provided) 

Remarks 
SAMPLED BY: CLIENT 
ASTMD6913 

Clay 

Location: UNCONSOLIDATED PIT 1 
Sample Number: 15-265-2 Date: 9/25/15 

RI 
GES 

GEOTECHNICAL & 
ENVIRONMENTAL 
SERVICES, INC. 

Tested By: T. FULLER 

Client: SWIFT RIVER ENVIRONMENTAL SERVICES 

Project: USE TRENCH 13 GEOTECH 

Project No: 2015 MISC Fiaure 

0.001 
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GRAIN SIZE - mm. 

%+3" 
% Gravel %Sand % Fines 

Coarse Fine Coarse Medium I Fine Silt Clay 

0 5 20 14 33 I 22 6 

SIEVE PERCENT SPEC.* PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) Poorly graded sand with silt and gravel 

2 100 
1.5 99 
1 97 

Atterberg Limits .75 95 
.5 90 PL= NP LL= NV Pl= NP 

.375 87 Coefficients 
#4 75 Dgo= 12.2372 0 85= 8.5797 0 60= 1.9434 
#8 64 050= 1.1421 030= 0.4726 015= 0.1966 

#JO 61 010= 0.1260 Cu= 15.42 Cc= 0.91 
#16 51 

Classification #30 36 
#40 28 USCS= SP-SM AASHTO= A-1-b 

#50 21 Remarks 
#100 12 SAMPLED BY: CLIENT 
#200 6.2 ASTM D6913 

x (no specification provided) 

Location: CONSOLIDADED PIT 2 
Sample Number: 15-265-3 Date: 9/25115 

m GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES. INC. 

GES Proiect No: 2015 MISC Fiaure 

Tested By: T. FULLER 
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SIEVE PERCENT SPEC.* PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) Silty sand with gravel 
1.5 100 
1 93 

.75 92 
Atterberg Limits .5 89 

.375 87 PL= NP LL= NV Pl= NP 

#4 80 Coefficients 
#8 72 Dgo= 13.9402 0 85= 1.6182 0 60= o.7597 

#10 71 D50= 0.3609 D30= 0.1472 D15= 0.0799 
#16 65 D10= Cu= Cc= 
#30 57 

Classification #40 53 
#50 47 USCS= SM AASHTO= A-2-4(0) 

#100 30 Remarks 
#200 13 SAMPLED BY: CLIENT 

ASTMD6913 

• (no specification provided) 

Location: UNCONSOLIDATED PIT 2 
Sample Number: 15-265-4 Date: 9/25/15 

!I GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENT AL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES, INC. 

GES Proiect No: 2015 MISC Fiaure 

Tested By: _J_.J_./T_.F_. ______ _ 
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SIZE FINER PERCENT (X=NO) Well-graded sand with silt and gravel 

2 100 
1.5 96 
1 94 

Atterberg Limits 
.75 91 
.5 87 

PL= NP LL= NV Pl= NP 

.375 83 Coefficients 
#4 70 Dgo= 16.6904 0 85= l0.5793 0 60= 3.1662 
#8 52 D50= 2.1415 D30= 0.7048 D15= 0.2433 

#10 48 D10= 0.1452 Cu= 21.80 Cc= 1.08 
#16 39 

Classification #30 27 
#40 22 USCS= SW-SM AASHTO= A-1-a 

#50 17 Remarks 
#100 10 SAMPLED BY: CLIENT 
#200 5.9 ASTM D6913 

(no specification provided) 

Location: CONSOLIDATED PIT 3 
Sample Number: 15-265-5 Date: 9/25/15 

ti GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENTAL SERVICES 

ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES INC. 

GES Project No: 2015 MISC Figure 

Tested By: ~J'""'.J"""./T'-'--'-'. F-'-·--------
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SIZE FINER PERCENT (X=NO) Silty sand with gravel 
1.5 100 
1 93 

.75 92 
Atterberg Limits .5 87 

.375 85 PL= NP LL= N Pl= NP 

#4 80 Coefficients 
#8 75 Ogo= 15.5825 Da5= 9.4044 050= 0.4768 

#10 74 050= 0.2395 030= 0. 11 35 015= 
#16 69 010= Cu= Cc= 
#30 63 

Classification #40 59 
#50 54 USCS= SM AASHTO= A-2-4(0) 

#100 38 Remarks 
#200 17 SAMPLED BY: CLIENT 

ASTM D6913 

• (no specification provided) 

Location: UNCONSOLIDATED PIT 3 
Sample Number: 15-265-6 Date: 9/25/15 

51 GEOTECHNICAL & Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
ENVIRONMENTAL Project: USETRENCH13GEOTECH 
SERVICES, INC. 

GES Proiect No: 2015 MISC Figure 

Tested By: ~J"-'.J'-'-'./T--'-'-'-.F__,_. _______ _ 
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GRAIN SIZE - mm. 
%Sand 

Medium I Fine Silt 

21 I I3 

Soil Description 
Poorly graded sand with gravel 

PL= NP 

Dgo= 24.3 198 
Dso= 3.0349 
D10= 0.3099 

Atterberg Limits 
LL= NV 

Coefficients 
035= 17 .5252 
D30= 0.9208 
Cu= 17.18 

Classification 

0.01 

% Fines 
Clay 

2 

Pl= NP 

D6o= 5.3235 
D15= 0.4359 
Cc= 0.5I 

.375 
#4 
#8 

#IO 
#I6 
#30 
#40 
#50 
#100 
#200 

100 
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15 
IO 

USCS= SP MSHTO= A-I-a 

4 
2.2 

x (no specification provided) 

Location: CONSOLIDATED PIT 4 
Sample Number: I5-265-7 

RI 
GES 

GEOTECHNICAL & 
ENVIRONMENTAL 
SERVICES, INC. 

Remarks 
SAMPLED BY: CLIENT 
ASTMD6913 

Date: 9/25/ 15 

Client: SWIFT RIVER ENVIRONMENTAL SERVICES 

Project: USE TRENCH 13 GEOTECH 

Project No: 2015 MISC Fiaure 

Tested By: ~J~.J"-"./T'--'--'-'.F---'-.--------
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GRAIN SIZE - mm. 
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% Gravel %Sand % Fines 

Coarse Fine Coarse Medium I Fine Silt Clay 
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SIEVE PERCENT SPEC.* PASS? Soil Descrigtion 
SIZE FINER PERCENT (X=NO) Silty sand with gravel 

2 100 
1.5 98 
1 96 

Atterberg Limits .75 94 
.5 91 PL= NP LL= NV Pl= NP 

.375 88 Coefficients 
#4 81 Dgo= 11.5970 0 85= 1.0198 0 60= o.5152 
#8 75 D50= 0.2905 030= 0.1193 D15= 

#10 74 D10= Cu= Cc= 
#16 70 

Classification #30 63 
#40 57 USCS= SM AASHTO= A-2-4(0) 

#50 51 Remarks 
#100 36 SAMPLED BY: CLIENT 
#200 18 ASTM D6913 

" (no specification provided) 

Location: UNCONSOLIDATED PIT 4 
Sample Number: 15-265-8 Date: 9/25/15 

II GEOTECHNICAL & Client: SWIFT RIVER ENVIRON1YIENTAL SERVICES 
ENVIRONMENTAL Project: USE TRENCH 13 GEOTECH 
SERVICES INC. 

GES Project No: 2015 MISC FiQure 

Tested By: -=J""".J""'./T--'-'-'-.F-=-·- -------



COMPACTION TEST REPORT 
Curve No.: 15-265-1 

Project No.: 2015 MISC Date: 09/16/15 

Project: USE TRENCH 13 GEOTECH 
Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: CONSOLIDATED PIT 1 

Sample Number: 15-265-1 

Remarks: 

MATERIAL DESCRIPTION 

Description: Silty sand 

Classifications -

Nat. Moist. = NI A % 

Liquid Limit= NV 

uses: SM AASHTO: A-2-4(0) 

Sp.G. = 2.65 

Plasticity Index= NP 

% < No.200 = 22 % 

ROCK CORRECTED TEST RESULTS 

Maximum dry density= 123.0 pcf 

Optimum moisture= 8.5 % 

158 ' \ \ Test specification: 
\ i\ I\ ASTM D 1557-12 Method C Modified 

' \ '\ ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 
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"-----------GEOTECHNICAL & ENVIRONMENTAL SERVICES, INC.-----------' 

Tested By: ~T~. ~F~U=LL~E=R~------~ 



COMPACTION TEST REPORT 
Curve No.: 15-265-2 

Project No.: 2015 MISC Date: 09/16/15 

Project: USE TRENCH 13 GEOTECH 
Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: UNCONSOLIDATED PIT 1 

Sample Number: 15-265-2 

Remarks: 

MATERIAL DESCRIPTION 

Description: Silty sand 

Classifications -
Nat. Moist.= NIA% 

Liquid Limit= NV 

uses: SM AASHTO: A-2-4(0) 

Sp.G. = 2.65 

Plasticity Index= NP 

% < No.200 = 24 % 

ROCK CORRECTED TEST RESULTS 
Maximum dry density= 118.0 pcf 

Optimum moisture= 10.5 % 

I~ \ i\ Test specification: ,_ 

' \ I\ ASTM D 1557-12 Method A Modified 
140 

\ i\ !\ ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 
I \. \ i\ 

' \ J ' 

'l\f\ \. \. 
130 

I' \ I\. 
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Figure 15-265-2 

'-----------GEOTECHNICAL & ENVIRONMENTAL SERVICES, INC.------------i 

Tested By: J. JOHNSON 



COMPACTION TEST REPORT 
Curve No.: 15-265-3 

Project No.: 2015 MISC Date: 09118115 

Project: USE TRENCH 13 GEOTECH 
Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: CONSOLIDADED PIT 2 

Sample Number: 15-265-3 

Remarks: 

MATERIAL DESCRIPTION 

Description: Poorly graded sand with silt and gravel 

Classifications -

Nat. Moist. = NI A % 

Liquid Limit= NV 

uses: sP-sM AASHTO: A-1-b 

Sp.G. = 2.65 

Plasticity Index= NP 

% < No.200 = 6.2 % 

ROCK CORRECTED TEST RESULTS 

Maximum dry density= 125.0 pcf 

Optimum moisture = 8.5 % 

\. \ \. Test specification: 
i\ \. \ ASTM D 1557-12 Method B Modified 

140 

\. \. \. ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 
~ ' ~ >-- -
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' \. \. 130 
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Figure 15-265-3 
.__---------GEOTECHNICAL & ENVIRONMENTAL SERVICES, INC.---------~ 

Tested By: J. JOHNSON 



COMPACTION TEST REPORT 
Curve No.: 15-265-4 

Project No.: 2015 MISC Date: 09/18/15 

Project: USE TRENCH 13 GEOTECH 

Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: UNCONSOLIDATED PIT 2 

Sample Number: 15-265-4 

Remarks: 

MATERIAL DESCRIPTION 

Description: Silty sand with gravel 

Classifications -
Nat. Moist.= NIA% 

Liquid Limit= NV 

uses: sM AASHTO: A-2-4(0) 

Sp.G. = 2.65 

140 -

Plasticity Index = NP 

% < No.200 = 13 % 

ROCK CORRECTED TEST RESULTS 
Maximum dry density= 121.0 pcf 

Optimum moisture = 10.5 % 

\ ' I\ Test specification: 
- ASTM D 1557-12 Method B Modified ~ w 

I'\ \ ~r\ ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 
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Figure 15-265-4 

----------GEOTECHNICAL & ENVIRONMENTAL SERVICES, INC.-----------' 

Tested By: J. JOHNSON 



COMPACTION TEST REPORT 
Curve No.: 15-265-5 

Project No.: 2015 MISC Date: 09/18115 

Project: USE TRENCH 13 GEOTECH 

Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: CONSOLIDATED PIT 3 

Sample Number: 15-265-5 

Remarks: 

MATERIAL DESCRIPTION 

Description: Well-graded sand with silt and gravel 

Classifications -
Nat. Moist. = NI A % 

Liquid Limit= NV 

uses: sw-sM AASHTO: A-1-a 

Sp.G. = 2.65 

Plasticity Index= NP 

% < No.200 = 5.9 % 

ROCK CORRECTED TEST RESULTS 
Maximum dry density= 132.0 pcf 

Optimum moisture= 7.0 % 

I \. \ \. Test specification: 
I\ \. \ ASTM D 1557-12 Method B Modified 

140 

\ I\ " ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 
.~ \ 
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Figure 15-265-5 

----------GEOTECHNICAL & ENVIRONMENTAL SERVICES, INC.-------------1 

Tested By: T. FULLER 



COMPACTION TEST REPORT 
Curve No.: 15-265-6 

Project No.: 2015 MISC 

Project: USE TRENCH 13 GEOTECH 

Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: UNCONSOLIDATED PIT 3 

Sample Number: 15-265-6 

Remarks: 

MATERIAL DESCRIPTION 

Description: Silty sand with gravel 

Date: 09/ 18115 

Classifications -
Nat. Moist. = NI A % 

Liquid Limit= NV 

uses: sM AASHTO: A-2-4(0) 

Sp.G. = 2.65 

't3 
a. 
;3-
"iii 
c: 
Q) 

"O 

~ 
0 

Plasticity Index = NP 

% < No.200 = 17 % 

ROCK CORRECTED TEST RESULTS 
Maximum dry density= 124.0 pcf 

Optimum moisture = 8.0 % 

140 1--+--+--+-+-+--+-~---'__,~~ 
I\ ~ ' 

Test specification: 
ASTM D 1557-12 Method A Modified 

ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 

100% SATURATION CURVES 
FOR SPEC. GRAV. EQUAL TO: 
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Water content, % 
Figure 15-265-6 

----------GEOTECHNICAL & ENVIRONMENTAL SERVICES, INC.-------------1 

Tested By: J. JOHNSON 



COMPACTION TEST REPORT 
Curve No.: 15-265-7 

Project No.: 2015 MISC Date: 09/18/15 

Project: USE TRENCH 13 GEOTECH 
Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: CONSOLIDATED PIT 4 

Sample Number: 15-265-7 

Remarks: 

MATERIAL DESCRIPTION 

Description: Poorly graded sand with gravel 

Classifications -
Nat. Moist. = NI A % 

Liquid Limit= NV 

uses: sP AASHTO: A-1-a 

Sp.G. = 2.65 

Plasticity Index= NP 

% < No.200 = 2.2 % 

ROCK CORRECTED TEST RESULTS 
Maximum dry density= 126.5 pcf 

Optimum moisture = 6.0 % 

'\ \ \. Test specification: 
I\ '\ \ ASTM D 1557-12 Method C Modified 

140 

\ \. ~ ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 
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Figure 15-265-7 

'------------GEOTECHNICAL & ENVIRONMENTAL SERVICES, INC.--------------

Tested By: T. FULLER 



COMPACTION TEST REPORT 
Curve No.: 15-265-8 

Project No.: 2015 MISC Date: 9/18/15 

Project: USE TRENCH 13 GEOTECH 

Client: SWIFT RIVER ENVIRONMENTAL SERVICES 
Location: UNCONSOLIDATED PIT 4 

Sample Number: 15-265-8 

Remarks: SAMPLED BY: CLIENT 

MATERIAL DESCRIPTION 

Description: Silty sand with gravel 

Classifications -
Nat. Moist. = 
Liquid Limit= NV 

uses: sM AASHTO: A-2-4(0) 

Sp.G. = 2.65 

Plasticity Index= NP 

% < No.200 = 18 % 

ROCK CORRECTED TEST RESULTS 
Maximum dry density= 127.0 pcf 

Optimum moisture = 7 .5 % 

\ 'I \ Test specification: 
r-.. \. ASTM D 1557-12 Method A Modified 

140 

\ \ \ ASTM D 4718-87 Oversize Corr. Applied to Each Test Point 
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Tested By: J. JOHNSON 



DIRECT SHEAR TEST 

1.80 ..------

1.60 +--------------------1 
~ 1.40 _. _________ ,...:;__ ___ ----I 

~ 

;; 1.20 +-------~..r--------i 

f:3 1.00 +-------------------------! 

~ 0.80 +---- -------------------! 

"' 0:: 0.60 +---~----------------1 

~ 0.40 +----------------i 

"' 0.20 -1- --------------i 

0.00 +--------.--~--~----.-------l 

0.00 0.50 1.00 1.50 2.00 2.50 

NORMAL STRESS (ksf) 

1.80 

1.60 
&;:'" 
I/) 1.40 ~ -
~ 1.20 

"' 1.00 "' w 
0:: 0.80 I-

"' 0.60 0:: 
c:( 

0.40 w 
J: 

"' 0.20 

0.00 

I STRENGTH INTERCEPT: 

I FRICTION ANGLE (PHI) 

0 0.1 0.2 0.3 0.4 

MOISTURE 
SYMBOL CONTENT % 

-+-- 1.0 ksf 6.3 
- 2.0 ksf 6.3 
__..._ 4.0 ksf 6.3 

SAMPLED BY: CLIENT 

HORIZONTAL DEFORMATION IN INCHES 

DRY 
DENSITY (pcf) 

117.4 
117.7 
117.9 

TESTED BY: 

NORMAL 
STRESS (ksD 

0.50 
1.00 
2.00 

AS 

PEAK 
SHEAR (ksf) 

0.70 
1.11 
1.69 

LAB NO: 

0.41 KSF 

32.8 DEG. I 

RESIDUAL 
SHEAR (ks.0 

0.52 
0.95 
1.48 

15-265-1 

0.5 

SOIL DESCRIPTION: SAND DATE OF TEST: 9/17/2015 

LOCATION OF SAMPLE: CONSOLIDATED PIT 1 

REMARKS: 

~c 
GES 

--------------------~ 

ENVIRONMENT AL 
SERVICES INC 
(702) 365 1001 
7150 PLACID STREET 
LAS VEGAS, NV 89119 

PROJECT NAME: USE TRENCH 13 GEOTECH 

CLIENT NAME: SWIFT RIVER ENVIRONMENTAL SERVICES 

PROJECT NO. 2015MISC Figure 15-265 



DIRECT SHEAR TEST 

1.60 -.-------------~ 

1.40 , _____________ _ ____, 

c;:­
~ 1.20 +----------- -------! 

I STRENGTH INTERCEPT: 

-
~ 1.00 I FRICTION ANGLE (PHI) 

~ 0.80 +------~'----------------l 
I­
C/) 0.60 -+---~-----------------l 
a:: 
l1i 0.40 
:::c 
CJ) 0.20 -+---------------------.1 

0.00 -+---~-~--~--~-----l 
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~ 1.20 -z 
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CJ) 
w 0.80 a:: 
I-

0.60 CJ) 

a:: 
c( 0.40 w 
:::c 

0.20 CJ) 

0.00 
0 0.1 0.2 0.3 

MOISTURE 
SYMBOL CONTENT % 
~1.0 ksf 10.7 
- 2.0 ksf 10.7 
~4.0 ksf 10.7 

SAMPLED BY: CLIENT 

HORIZONTAL DEFORMATION IN INCHES 

DRY 
DENSITY (pct) 

105.7 
105.9 
106.0 

TESTED BY: 

NORMAL 
STRESS (ksf) 

0.50 
1.00 
2.00 

A.S 

PEAK 
SHEAR (ksf) 

0.54 
0.84 
1.43 

LAB NO: 

0.4 

0.25 KSF 

30.6 DEG. I 

RESIDUAL 
SHEAR (ksf) 

0.50 
0.84 
1.42 

15-265-2 

0.5 

SOIL DESCRIPTION: SAND DATE OF TEST: 9/16/2015 

LOCATION OF SAMPLE: UNCONSOLITATED PIT 1 

REMARKS: 

~c 
GES 

ENVIRONMENTAL 
SERVICES INC 
(702) 365 1001 
7150 PLACID STREET 
LAS VEGAS , NV89119 

PROJECT NAME: USE TRENCH 13 GEOTECH 

CLIENT NAME: SWIFT RIVER ENVIRONMENTAL SERVICES 

PROJECT NO. 2015MISC Figure 15-265 



DIRECT SHEAR TEST 

.... 
2.00 
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~ 1.40 

~ 1.20 
~ 1.00 
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HORIZONTAL DEFORMATION IN INCHES 

MOISTURE DRY NORMAL PEAK 
SYMBOL CONTENT % DENSITY (pcf) 

116.2 
116.6 
116.3 

STRESS (ksf} 
0.50 

SHEAR (ksf) 
0.69 
1.08 
1.85 

-+- 1.0ksf 7.5 
--- 2.0 ksf 7.5 
-+- 4.0 ksf 7.5 

SAMPLED BY: CLIENT TESTED BY: 

1.00 
2.00 

AS LAB NO: 

0.4 

0.31 KSF 

37.6 DEG. I 

RESIDUAL 
SHEAR (ksf) 

0.59 
0.85 
1.52 

15-265-3 

0.5 

SOIL DESCRIPTION: SAND DATE OF TEST: 9/21/2015 

LOCATION OF SAMPLE: CONSOLIDATED 2 

REMARKS: 

~ 
GES 

~~~~~~~~~~~~~~~~~~~~~ 

ENVIRONMENT AL 
SERVICES INC 
(702) 365 1001 
7150 PLACID STREET 

LAS VEGAS, NV 89119 

PROJECT NAME: USE TRENCH 13 GEOTECH 

CLIENT NAME: SWIFT RIVER ENVIRONMENTAL SERVICES 

PROJECT NO. 2015 MISC Figure 15-265 



DIRECT SHEAR TEST 
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MOISTURE 
SYMBOL CONTENT % 
-+- 1.0 ksf 10.4 
--- 2.0 ksf 10.4 
~4.0 ksf 10.4 

SAMPLED BY: CLIENT 

HORIZONTAL DEFORMATION IN INCHES 

DRY 
DENSITY (pcf) 

109.6 
109.6 
108.8 

TESTED BY: 

NORMAL 
STRESS (ksf) 

0.50 
1.00 
2.00 

AS 

PEAK 
SHEAR (ksf) 

0.93 
1.17 
1.92 

LAB NO: 

0.4 

0.55 KSF 

34.0 DEG. I 

RESIDUAL 
SHEAR (ksf) 

0.52 
0.90 
1.57 

15-265-4 

0.5 

SOIL DESCRIPTION: SAND DATE OF TEST: 9/18/2015 

LOCATION OF SAMPLE: UNCONSOLIDATED PIT 2 

REMARKS: 

~c 
GES 

ENVIRONMENTAL 
SERVICES INC 
(702) 365 1001 
7150 PLACID STREET 
LAS VEGAS, NV 89119 

PROJECT NAME: USE TRENCH 13 GEOTECH 

CLIENT NAME: SWIFT RIVER ENVIRONMENTAL SERVICES 

PROJECT NO. 2015MISC Figure 15-265 



DIRECT SHEAR TEST 

2.50 ...-------------~ 

~ 2.00 -+------------------,.0- -----I I STRENGTH INTERCEPT: 
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I FRICTION ANGLE (PHI) 

0 0.1 0.2 0.3 
HORIZONTAL DEFORMATION IN INCHES 

MOISTURE DRY NORMAL PEAK 
SYMBOL CONTENT% DENSITY (Qcf) STRESS {ksf} SHEAR (ksf} 
-+- 1.0 ksf 6.9 118.8 0.50 0.70 
- 2.0 ksf 6.9 119.6 1.00 1.24 
-.-4.0 ksf 6.9 120.1 2.00 2.04 

SAMPLED BY: CLIENT TESTED BY: A.S LAB NO: 
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0.30 KSF 

41.2 DEG. I 

RESIDUAL 
SHEAR (ksO 

0.63 
0.98 
1.51 

15-265-5 

0.5 

SOIL DESCRIPTION: SAND DATE OF TEST: 9/21/2015 

LOCATION OF SAMPLE: CONSOLIDATED PIT 3 

REMARKS: 

~ 
GES 

~-------------------~ 

ENVIRONMENT AL 
SERVICES INC 
(702) 365 1001 
7150 PLACID STREET 

LAS VEGAS, NV 89119 

PROJECT NAME: USE TRENCH 13 GEOTECH 

CLIENT NAME: SWIFT RIVER ENVIRONMENTAL SERVICES 

PROJECT NO. 2015 MISC Figure 15-265 



DIRECT SHEAR TEST 
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MOISTURE DRY NORMAL PEAK 
SYMBOL CONTENT% DENSITY (~cf) STRESS (ksf) SHEAR (ksf) 
--+- 1.0 ksf 7.9 111.3 0.50 0.47 
- 2.0 ksf 7.9 111.7 1.00 0.80 
_...,_ 4_0 ksf 7.9 111.7 2.00 1.42 

SAMPLED BY: CLIENT TESTED BY: AS LAB NO: 
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0.17 KSF 

32.2 DEG. I 

RESIDUAL 
SHEAR (ksf) 

0.47 
0.77 
1.36 

15-265-6 
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SOIL DESCRIPTION: SAND DATE OF TEST: 9/21/2015 

LOCATION OF SAMPLE: UNCONSOLIDATED PIT 3 

REMARKS: 

~~ 
GES 

ENVIRONMENTAL 
SERVICES INC 
(702) 3651001 
7150 PLACID STREET 
LAS VEGAS, NV 89119 

PROJECT NAME: USE TRENCH 13 GEOTECH 

CLIENT NAME: SWIFT RIVER ENVIRONMENTAL SERVICES 

PROJECT NO. 2015 MISC Figure 15-265 



DIRECT SHEAR TEST 
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 INTRODUCTION 

This Surface-Water Run-On and Run-Off Control Demonstration (The Demonstration) addresses 

management of run-on and run-off at the US Ecology Nevada (USEN) facility located in Beatty, 

Nevada with regard to the development and operation of Hazardous Waste Management Landfill 

Trench 13.  The Demonstration was prepared in compliance with the terms and conditions of the 

Resource Conservation and Recovery Act (RCRA) Permit NEVHW0025 (RCRA Permit) Section 

7.2.7, RCRA landfill design and operating requirements set forth in 40 CFR 264.301(g) and (h), 

and Toxic Substances Control Act (TSCA) chemical waste landfill requirements set forth in 40 

CFR 761.75(b)(4).  Surface-water management is required for control of maximum run-on and 

run-off volumes during the peak discharge resulting from a 25-year, 24-hour precipitation event.  

In addition, this Demonstration has considered the flows from a 100-year, 24-hour precipitation 

event.  The purpose of The Demonstration is to describe the surface-water features that will 

manage the design storm precipitation and protect the hazardous waste management facilities at 

the USEN facility.  

Each element of The Demonstration will be revised as necessary to maintain accuracy if there are 

changes in design or construction of the project or if any aspect of The Demonstration is found to 

be insufficient for its intended purpose.  Nevada Department of Environmental Protection (NDEP) 

and/or the U.S. Environmental Protection Agency (USEPA), as lead regulatory agencies for certain 

aspects of RCRA and TSCA Permit compliance for the facility, may require modifications to the 

Demonstration within a specified time frame. 

The Demonstration is available upon request to Federal, State, or local agencies.  The 

Demonstration is kept on-site and will be available for review at the time of any on-site inspection 

by the agencies. 

1.1 FACILITY IDENTIFICATION 

Facility Name: US Ecology Nevada 
Location: Highway 95, 11 miles South of Beatty, Beatty, NV 89003 
Mailing Address:  PO Box 578, Beatty, NV 89003 
Contact Information: Compliance Manager (775) 553-2203 
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1.2 FACILITY INFORMATION 

USEN operates a hazardous waste management facility in Nye County, Nevada, approximately 11 

miles south of Beatty, in the Amargosa Desert under Hazardous Waste Management Permit 

NEVHW0025 (July 2015 RCRA Permit) and is permitted to manage wastes regulated under the 

Resource Conservation and Recovery Act (RCRA) and Toxic Substances Control Act (TSCA).  

The facility is owned by the State of Nevada and is leased by USEN, who operates it.   

At the time of preparation of The Demonstration, the active waste disposal unit at USEN is Trench 

12.  Trench 13 is planned as the next waste disposal unit and will include approximately 47.3 acres 

of landfill disposal footprint.  At the time of Trench 13 construction, USEN will operate on 480 

acres of State Land leased to USEN for hazardous waste treatment and disposal operations.  The 

land surrounding the 480 acres is owned and administered by the U.S. Bureau of Land 

Management (BLM) as rangeland.  The facility is not located on or adjacent to Indian Lands. 

1.3 FEMA FLOOD ZONE DESIGNATION 

The USEN facility is located on Federal Emergency Management Agency (FEMA) Flood 

Insurance Rate Map (FIRM) Map Number 32023C7975E, Panel 7579E and dated February 17, 

2010.  The southwestern corner of the 480-acre property leased from the State of Nevada is located 

in an area determined to be inside the “one percent annual chance flood event” (or 100-year flood 

zone), also known as the base flood, and in Zone A, an area where no base flood elevation has 

been determined.  The remainder of the 480 acres, including all areas of current and planned 

hazardous waste management activities are located outside flood areas identified and designated 

by FEMA.  The USEN facility location and hazardous waste management areas are depicted on 

the Flood Insurance Rate Map included as Appendix A.  
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 SURFACE-WATER RUN-OFF MODELING METHODOLOGY 

The USDA Technical Release-55 modeling software was used for analysis of peak flow conditions 

at the USEN Facility.  Surface-water management systems for the USEN facility are designed to 

manage precipitation from the 25-year, 24-hour design storm event.  The design storm is estimated 

to yield 2.26 inches of precipitation as determined by the National Oceanic and Atmospheric 

Administration (NOAA) Atlas 14, Version 5 at the Amargosa Farms Garey Station (Station I.D. 

26-0150).  The Amargosa Farms Garey Station is located approximately 18 miles southeast from 

the facility and is the NOAA monitoring station located nearest to the facility and having the most 

comparable climate.  Features providing run-on protection and final cover erosion protection have 

been designed to a 100-year, 24-hour precipitation event of 3.13 inches. 

To estimate run-off from storm rainfall, TR-55 uses the run-off curve number method.  The curve 

number method is based on the soil type and vegetation characteristics of the site surface materials.  

For the USEN site, curve numbers for both native materials and landfill covers were identified, 

including consideration of hydrologic soil group and hydrologic condition.  This determination 

was based on geotechnical information provided by previous site investigations, along with native 

soil types consistent to the area of interest.  Specific native soil properties and Hydrological Soil 

Groups (HGS) were obtained from the Natural Resource Conservation Service (NCRS) Web Soil 

Survey and NCRS Soil Data Mart.  

Surface-water basins were delineated using topographic information provided by Great West 

Surveys (survey performed in June 2014), and included recent USEN facility features and vicinity 

property topography.  The survey information and current topography were analyzed using 

AutoCAD Civil 3D 2012 to determine drainage basins and pathways at and surrounding the USEN 

properties boundaries, and natural drainage pathways contributing to surface-water run-on.   

Based on basin areas, soil types, slopes, vegetation coverage, and calculated times of travel, the 

TR-55 modeling software was used to determine estimated peak flows.  Peak flows were evaluated 

under current site drainage conditions and in determining drainages necessary for future surface-

water management features.   
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Surface-water management feature channel geometry and carrying capacities were evaluated using 

Manning’s equation for open channel flow.  Specific details for energy dissipation, Manning’s 

number, and flow conditions are presented in the Calculation included as Appendix C. 
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 TRENCH 13 DEVELOPMENT AND SURFACE-WATER MANAGEMENT 

CONDITIONS 

3.1 EXISTING CONDITIONS 

Precipitation falling within the property boundary or from off-site sources is collected in and 

directed by multiple ditches culverts, or berms until it is released off-site at the southern property 

boundary.  The drainages leaving USEN’s current operations cross areas to be used as Trench 13 

disposal areas, as shown in Appendix B.   

3.2 DISCUSSION OF PROPOSED CONDITIONS 

The proposed drainage design features consider the off-site and on-site land use and drainage 

patterns as they apply to the design and construction of proposed hazardous waste disposal area, 

Trench 13.  The drainage basins contributing to the USEN Facility and to the proposed location of 

Trench 13, were determined to include approximately 250 acres, as measured from their origins to 

their final discharge points on the southern boundary of the 480-acre property as shown on 

drainage basin drawings included in Appendix B and Appendix C.  The 250 acres includes 

surrounding areas that drain onto the USEN Facility.  The Trench 13 Landfill Design Report 

addresses existing surface-water mitigation features (primarily in the southeast corner of the 

current 80-acre facility) as well as the implementation of new features as they pertain to the 

development of Trench 13.   

The acquisition of land and subsequent development of Trench 13 will shift the current southern 

property boundary 1,320 feet to the south.  The Landfill Engineering Report and Trench 13 design 

propose rerouting upstream surface water, currently leaving USEN’s 80-acrea operations as 

overland flow in natural drainages, and directing that flow around areas to be developed as Trench 

13 in two primary drainage channels to be constructed as part of Trench 13 construction.  

Additional features, such as roadways, temporary berms, and ancillary ditches assist in directing 

surface-water to these primary drainage channels.  The primary drainage channels also act to 

intercept inflow and prevent run-on to the Trench 13 area.  The primary drainage channels leave 

the 480-acre property in existing natural drainages located along the new southern property 

boundary.  



US Ecology Nevada, Inc. Revision 0:  October 2015 
Surface-Water Run-On and Run-Off Control Demonstration Revision 1:  March 2016 

3-2 

The general concept for The Demonstration is to limit post-development peak flow rates, and 

return flow to the downstream location in the same manner as pre-development conditions, in 

accordance with State of Nevada implementation of the National Pollutant Discharge Elimination 

System (NPDES) Program. 

3.3 BASIN DELINEATION  

The potential on-site and off-site surface-water flows and necessary management features for 

protection of proposed Trench 13 during its development, operation, and closure are evaluated in 

the calculations included as Appendix C.  Basins first were delineated individually and then 

grouped according to geographic position and the means of run-off management in relation to 

Trench 13 and their final discharge from the property.  Basins requiring management in relation 

to current and proposed USEN facility features include eight basin groups: North (N), East (E), 

Southeast (SE), South Central (SC), Southwest (SW), Eastern Edge (EE), and Trench 13 Basins.  

The basins were evaluated using USDA TR-55 Modeling Software and anticipated flow from each 

basin resulting from a 25-year, 24-hour and a 100-year, 24-hour precipitation event.  The proposed 

location of Trench 13 is in the flow path of many converging basins; therefore, diversionary 

features were incorporated into the surface-water management design.  The table below 

summarizes the findings of the TR-55 Model and provides surface-water flow rates requiring 

management in relation to Trench 13.  

TABLE 3-1  BASIN CONTRIBUTIONS TO BE MANAGED IN RELATION TO 
TRENCH 13 

BASIN N E SE SC SW EE 
25-yr 24-hour 
precipitation 

event 
7.2 2.5 0.77 2.6 3.7 6.8 

100-year 24-
hour 

precipitation 
event 

43 11 3.5 14 20 36 

Flows are in cubic feet per second (CFS) 

3.4 OUTFALLS AND REACHES  

As previously stated, the development of Trench 13 will require modification to the location where 

surface water leaves the USEN Facility.  For the purposes of this Demonstration and the 
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Calculation, outfall locations refer to points of basin discharge as determined for the purposes of 

the calculation included as Appendix C and are not intended to identify permitted discharge 

locations.  Basins and outfalls are illustrated on the Basin Delineation Map included in 

Appendix B and Appendix C.  The basin delineations result in six outfalls: outfalls 1, 2, 3, and 5 

are basin collection points within the USEN Facility boundary and do not represent points of 

discharge from the facility.  Outfalls 4 and 6 are located at the southern property boundary and 

will discharge surface-water off-site.  Outfalls 4 and 6 will be located south of the current release 

point for surface-water run-off, but discharge flow into the same natural drainage paths as previous 

discharges from the Facility. 

The volumes of surface-water discharged at outfalls 4 and 6, under design storm conditions, are 

expected to be greater than current flow, primarily as a condition of the added land area 

contributing to run-off.  Flow rates could be slightly less than current discharge (per contributing 

acre) during large precipitation events, depending on the developmental stage of Trench 13 and 

when the design storm event occurs.  If active filing in a cell is occurring below-grade and the 

adjacent cell is under construction, some precipitation will be managed with the active disposal 

cell and run-off flow rates at some outfalls could be less than anticipated.  

Table 3-2 summarizes expected flow conditions at outfalls.  This evaluation assumes the final 

cover of Trench 13 has been placed, maximizing run-off and flow at basin outfalls fed by the trench 

cover, including outfalls 4 and 6.  These flow rates were used to determine the appropriate carrying 

capacity of ditches, berms, and channels, necessary to manage surface water at the USEN Facility, 

specifically as they relate to Trench 13.   

TABLE 3-2  SUMMARY OF PEAK FLOW CONDITIONS AT OUTFALLS 
OUTFALL 

(BASIN) 
1 

(N) 
2 

(N+E) 
3 

(N+E+SE+T1) 
4 

(N+E+SE+T1+EE+T2+T3) 
5 

(SC) 
6 

(SC+SW+T4) 
25-yr 24-hour 
precipitation 

event 
7.2 9.6 11 24 2.6 7.0 

100-yr 24-hour 
precipitation 

event 
43 54 61 124 14 37 

Outfall numbering and locations are specific to this Demonstration and do not reflect outfalls identified on an NPDES 
Permit.   

Flows are in cubic feet per second (CFS) 
Bold = sum of flows at property boundary 
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As shown in Table 3-2, the peak rate of discharge at the southern property boundary during the 

24-hour, 25-year design storm is 24 CFS at outfall 4 and 7.0 CFS at outfall 6 and during the 100-

hour, 25-year is 124 CFS at Outfall 4 and 37 CFS at Outfall 6.  These peak discharge values were 

used to determine if Trench 13 surface water management features were sized appropriately.  

3.5 SURFACE-WATER MANAGEMENT FEATURES 

The Trench 13 design incorporates a surface-water diversion channel located east of Trench 13 

and the option of a surface-water diversion channel or berm on the west side of Trench 13.  These 

surface water control features are designed to convey run-off from large precipitation events to 

Outfalls 4 and 6 located on the southern property boundary of USEN Facility, where these outfalls 

enter existing natural drainage paths.  These two features will receive the majority 1 of run-off from 

the USEN Facility, including the area of current operations and contributions from the area to be 

developed as Trench 13.  Details regarding control feature dimensions and coordinates are 

presented in Appendix C and in design drawing included in the Landfill Engineering Design 

Report for Trench 13.  

Along with these two surface-water control features, ancillary roadside ditches, culverts, and 

berms will be used, along with natural topography, to collect and convey surface-water away from 

hazardous waste disposal cells.  These features work in conjunction with the two primary channels 

to effectively mitigate heavy rainfall events.  Major surface-water features are presented in the 

Landfill Engineering Report for Trench 13.  Smaller features such as ditches and temporary berms 

will be evaluated and constructed depending on the construction sequencing and the placement of 

internal roads, prior to initiating excavation activities of Trench 13.  Typical ditch and berm 

dimensions are included on the Trench 13 Design Drawings.   

Surface-water management features, up-gradient of Trench 13 also are capable of managing 

surface water in the event of a 25-year, 1-hour event.  A detention pond, located on the southeast 

corner of the current 80-acres occupied by USEN, has been added as a Facility surface-water 

management feature.  The detention pond manages run-off prior to discharge through two 24-

inch culverts and convey run-off to the channel around the eastern portion of Trench 13.  In the 

                                                 
1   Other portions of the 480-acre property either runs off as sheet flow or is channelized, but does not include 

impacts from current or proposed operations and is in areas not currently planned for development.  
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event of a 25-year, 1-hour storm and failure (i.e., plugging) of one or both of these culverts, the 

access road along the eastern side of USEN’s current 80-acres has been designed to allow 

surface-water to flow over the roadway and into the eastern channel and around Trench 13. 

 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Surface-Water Run-On and Run-Off Control Demonstration Revision 1:  March 2016 

4-1 

 TRENCH 13 SURFACE-WATER MANAGEMENT RUN-ON/RUN-OFF 

CONTROL SYSTEMS  

4.1 CONSTRUCTION SURFACE-WATER CONTROLS 

Trench 13 construction includes excavation, transport, and stockpiling of native soil materials; 

screening of soil materials to achieve specified grain-size specification; recompaction of perimeter 

unconsolidated soil materials; and liner and leachate collection/detection system installation.  

Landfill closure, using an alternative final cover, will include use of either native soil material 

from direct excavation or stockpiled soil material as final cover. 

No surface-water run-off is expected to leave the excavated Trench 13 areas during construction.  

Incident precipitation within the excavated trench, but outside active disposal areas, will be 

collected and managed in accordance with USEN operational procedures for non-contact water.  

Incident precipitation falling or collected within active disposal areas will be managed in 

accordance with USEN operational procedures for contact water (i.e., leachate).  Excavation and 

construction work will follow the Permit requirements defined in Storm Water Permit 

NVR100000.   

4.2 CONTROL OF SURFACE-WATER IN THE DISPOSAL AREA 

4.2.1 Contact Water 

Surface-water from precipitation that has fallen on placed waste or within the active/lined portion 

of the Trench will be managed following appropriate site protocols for contact water.  Placed waste 

will be graded so that collected surface-water is directed to interior holding locations from which 

removal for proper management can be performed. 

The 25-year, 24-hour design storm event is expected to result in approximately 600,000 gallons of 

liquid within the footprint of each Trench 13 development phase.  This volume represents incident 

design storm precipitation within the footprint of Phases A and E.  The surface water volumes 

within the smaller footprints of Phases B, C, and D would be somewhat less.  Based on past 

observations, this liquid primarily infiltrates into disposed waste and either is held within waste 

until evaporated back into the atmosphere or infiltrates as leachate to the leachate collection and 
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recovery system (LCRS).  Leachate captured in the LCRS is managed as described in the Landfill 

Engineering Report, Section 6. 

If contact surface-water collects within the Trench prior to infiltration into waste, liquid removal 

might be necessary.  Appropriate liquid holding containers will be used by USEN.  These 

containers will be emptied and the contact water appropriately managed after storms to maintain 

the design capacity of the contact-water management system. 

Once above-grade landfill filling commences, perimeter dikes, interim cover, or internal grading 

will be used to prevent surface-water run-off from the Trenches.  The need for further engineered 

features, such as sediment basins and velocity dissipation devices, is not foreseen, as the site is 

located in an area where annular rainfall is minimal.  Areas affected by construction activities will 

be evaluated periodically to ascertain whether additional engineered controls are need to reduce 

erosion and sediment flows.  The need for additional controls will be documented on the weekly 

inspection reports. 

4.2.2 Non-Contact Water 

Surface-water from precipitation that has fallen on the 0.5H:1V cell sidewalls will not contact 

waste.  This surface-water can be managed separately from that which has contacted waste.  If cell 

sidewall surface-water is captured with a sidewall "rain gutter" (or similar) system, it can be 

diverted for discharge and/or evaporation together with other clean surface-water.  A “rain gutter” 

system could readily be affixed to the sacrificial FML which overlies the sidewall liner system.  

However, if this water is allowed to contact water or commingle with surface-water that has 

contacted waste, the cell sidewall surface-water will be managed following appropriate site 

protocols for contact water. 

Surface-water from areas separated from waste management areas by means of berms or other 

features will not contact waste.  This surface-water can be managed separately from water that 

which has contacted waste. 
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4.3 RUN-ON CONTROL 

Run-on control at Trench 13 is required during the period that disposal operations are occurring 

below grade.  The requirement during that period will be to prevent rainfall outside of the Trench 

area from entering into the excavation and potentially being exposed to the waste disposal 

operations.  This is accomplished by:  (1) maintaining an adequate slope (minimum 2 percent) 

away from the lined excavation (2) installation of one foot high, or greater, anchor trench backfill 

above grade, (3) construction of two feet high, or greater, temporary berms during below grade 

operations, and (4) keeping existing drainage paths away from Trench 13 in an open condition so 

that flow can occur. 

Subgrade construction and operations will require excavation into adjacent Phases to allow for 

vehicular access and future development of the subsequent disposal Phase.  These areas, outside 

the “Phase line”, or horizontal limits for the active Phase, are considered non-contact areas and 

surface-water flow from these areas must be prevented from comingling with surface-water within 

the active Phase.  The landfill operational procedures of the Phases includes a setback from the 

active Phase line to provide storage for non-contact surface-water run-off. 

Run-on control will not be necessary when the disposal operations extend above the existing grade.   

4.4 FINAL COVER RUN-OFF CONTROL 

The Trench 13 final cover system includes a series of drainage features designed to limit sheet 

flow to distances that prevent against rill and inter-rill erosion.  Run-off control from the final 

cover slopes, at closure, will be provided by the following features: 

• Lateral drainages integrated into the sideslopes of the final cover to limit the length of 

slopes exposed to sheet flow; 

• Upper deck berms used to limit the length of sideslopes exposed to sheet flow; 

• Flumes spaced along the cover slopes to discharge upper deck and lateral drain run-off to 

the perimeter of Trench 13; 

• Access road drainages to convey water off the sideslopes; and 
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• Perimeter ditches to convey flow from the flumes, bottom portions of the cover slopes, and 

immediately adjacent areas to the overall Facility drainage system. 

Lateral drains are located on Trench 13 sideslopes to limit slope erosion to less than two tons per 

acre-year2.  Calculations demonstrate that this requirement is satisfied with sideslope sheet flow 

runs limited to 100 feet.  Lateral drains include sufficient capacity to provide at least 1.0 foot of 

freeboard when considering the 100-year, 24-hour precipitation event.  Lateral drains are sloped 

at two percent and include a four foot wide outer ridge.  The maximum calculated lateral drain 

flow for the system is estimated at 0.84 cubic feet per second (cfs).  Each sideslope lateral will 

include protective armoring for erosion and scour protection. 

Upper deck berms are located on the Trench 13 20H:1V upper deck.  These berms have been 

included to limit rill and inter-rill erosion and to decrease sheet flow lengths.  The upper deck 

berms channelize and direct flow to the flumes for removal off of the Trench 13 final cover.  Upper 

deck drains include sufficient capacity to provide at least 1.0 foot of freeboard when considering 

the 100-year, 24-hour precipitation event.  Upper deck berms are sloped at one percent.  Each 

upper deck berm will include protective armoring for erosion and scour protection.   

The sideslope lateral drains and the upper deck berms discharge into flumes.  The flumes are four 

feet in width and include sufficient capacity to provide at least 1.0 foot of freeboard when 

considering the 100-year, 24 hour precipitation event.  Flumes on the upper deck are sloped at 

20H:1V.  Flumes on the sideslope primarily are sloped at 3H:1V, but include short sections at 

lesser slopes where sideslope laterals intersect.  The maximum calculated upper deck flume flow 

for the system is estimated at 3.2 cfs and the maximum calculated sideslope flume flow for the 

system is estimated at 5.0 cfs.  Each flume will include protective armoring for erosion and scour 

protection. 

Access road drainages channelize and direct flow from east and west sideslope areas for removal 

off of the Trench 13 final cover.  The drainages follow the road’s grade at five and 10 percent and, 

are back-graded into the sideslope at five percent.  The maximum calculated access drainage flow 

                                                 
2 USEPA.  Design and Construction of RCRA/CERCLA Final Covers, EPA/625/4-91/025.  1991 



US Ecology Nevada, Inc. Revision 0:  October 2015 
Surface-Water Run-On and Run-Off Control Demonstration Revision 1:  March 2016 

4-5 

for the system is estimated at 1.5 cfs.  Each access road drainage will include protective armoring 

for erosion and scour protection. 

Energy dissipation and scour protection will be provided at the bottom of flumes, where needed.  

Perimeter ditches transport run-off to Facility drainages.  
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 CONCLUSION 

The design features presented in The Demonstration provide a means of run-on/run-off control 

that is consistent with conditions of the Resource Conservation and Recovery Act (RCRA) Permit 

NEVHW0025 (RCRA Permit) Section 7.2.7, RCRA landfill design and operating requirements 

set forth in 40 CFR 264.301(g) and (h), and Toxic Substances Control Act (TSCA) chemical waste 

landfill requirements set forth in 40 CFR 761.75(b)(4).  Surface-water management is required for 

control of maximum run-on and run-off volumes during the peak discharge resulting from a 25-

year, 24-hour precipitation event.  In addition, this Demonstration has considered the impacts of a 

100-year, 24-hour precipitation event.  Methods and design specifications in this report are 

supported by calculations provided in the Engineering Design Report for Trench 13 and attached 

to The Demonstration as Appendix C.  This Demonstration presents the features and measures 

necessary to prevent surface-water flow onto or away from active hazardous waste disposal areas 

of Trench 13.  This Demonstration finds that the designed surface water management features are 

capable of preventing run-on and run-off as a result of the 100-year, 24-hour precipitation event. 

In addition to the requirements satisfied by The Demonstration, the USEN facility will address the 

requirements of the NDEP Storm Water Permit NVR100000, effective September 16, 2007 and 

covering surface-water associated with large construction activities and Storm Water Permit 

NVR050000 effective September 22, 2008 and covering surface-water activities associated with 

industrial activities.  Specifically, Condition I.A.5.b(iv) covers Hazardous Waste Treatment, 

Storage, or Disposal facilities.  Also, the USEN facility will provide updates to the facility Storm 

Water Pollution Prevention Plan (SWPPP).  The details and requirements of these permits and the 

SWPPP are not covered in this Demonstration. 

 



 

 

 

 

 

APPENDIX A  
FEMA FLOOD INSURANCE MAP 
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APPENDIX B  
CURRENT SITE CONDITIONS 
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APPENDIX C  
SURFACE-WATER MANAGEMENT CALCULATION 

See Landfill Engineering Report, Appendix 2 

Calculation C.01: Surface Water Management 

Calculation C.12: Final Cover Erosion by Water 

 



 

 

 

 

 

 

APPENDIX 7 

ENVIRONMENTAL MONITORING AND REPORTING PLAN 

  



 

 

Environmental Monitoring and Reporting Plan included as Section 13 of the Class 3 Permit 

Modification Request Addressing Landfill Trench 13 

  



 

 

 

 

 

 

APPENDIX 8 

CLOSURE AND POST-CLOSURE CARE 

  



 

 

Scheduled, Unscheduled, and Post Closure Care Plans included as Sections 15, 16 and 17 of the 

Class 3 Permit Modification Request Addressing Landfill Trench 13 

  



 

 

 

 

 

 

APPENDIX 9 

SUPPORT DOCUMENTS 

 
  



 

 

Document Date Author Description 
D.01 1995-12-07 NDEP Letter Conceptual Design of Cell 12  
D.02 1996-03 TRC Report Cell 12 Design Report 
D.03 1996-03 TRC Report Cell 12 Design Report Volume II 
D.04 1996-04-04 TRC Letter MTR Equivalence Supplement  
D.05 1996-06-04 NDEP Letter Preliminary Review of MTR for Trench 12 
D.06 1996-07-09 USE Letter Cell 12 Design 
D.07 1996-09-13 NDEP Letter Part B Renewal Application NOD Comments 

D.08 1996-11-04 NDEP Letter Part B Renewal Application – Additional 
Comments 

D.09 1996-12-17 HMA Letter Response to NOD Comments 
D.10 1997-01-17 HMA Letter Draft Response to Verbal Comments 
D.11 2002-02-14 AAT Letter Final Trench Design Documents 

D.12 2002-03-20 NDEP Letter Cell 12 Design – Concurrence of MTR 
Equivalency 

D.13 2007-10 AAT Report Supplement – Landfill Report for Trench 12 

D.14 2008-04 AAT Report Design Basis and Construction Specifications 
for Trench 11 and Trench 12 Final Covers 

 





























2.0 SITE PREPARATION 

2.1 GENERAL 

1. Cell 12 site preparation activities include upper, cohesionless soil layer reinforcement, cell 

excavation, cell sub grade and slope preparation (including slope riser trench excavation), and 

various ancillary construction preparation activities. The various ancillary construction 

preparation activities are briefly discussed in the paragraphs that follow. The remaining site 

preparation activities (i.e., other than the various ancillary activities) are discussed in the 

ensuing sections of this chapter. 

2. The design of Cell 12 was developed to facilitate construction of the landfill in three phases, 

with the westernmost portion of the cell recommended as the initial phase, and the middle and 

easternmost portions recommended as the second and third phases (respectively). If the 

westernmost portion of Cell 12 is constructed as the initial landfill phase, construction staging 

will likely occur to the east and/or south of that phase. Construction of subsequent phases, or 

concurrent nonphased construction of the entire Cell 12, may involve construction staging in 

the offsite area located to the immediate north of Cell 12. 

3. The eastern portion of the Cell 12 footprint overlies the existing site entrance, office, 

20,000-gallon water storage tank and other facilities (see Drawing 002). The development of 

Cell 12 eventually includes the associated construction of a new site access road and entrance, 

and the relocation of certain existing impacted facilities to an area along the southern site 

boundary (between Cell 11 and Trenches 16 through 19). 

2.2 COHESIONLESS SOIL REINFORCEMENT 

1. Cell 12 includes excavated sidewalls at a 0.5H: 1 V slope which extend down to a depth of 

75 feet (vertical) below existing ground surface. Based on the Geotechnical Investigation/or 

Cell 12 at the US Ecology Hazardous Waste Management Facility, Beatty, Nevada (Grant 

Environmental, July 14, 1994) provided as Appendix S of the previous Section IV.D Landfill 

Report, the upper layer of the surface soil stratum is considered to be unstable at the proposed 

excavated slope. This upper soil layer is estimated to range from approximately 4 to 9 feet in 

depth below existing ground surface. The excavated 0.5H: 1 V slopes at depths below this 

surface soil stratum (i.e., below the upper 9 feet of excavation) are considered by Grant 

Environmental to be stable. 
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2 . Calculations perfonned in Exhibit C.3 of this report conclude that the upper soil layer needs to 

achieve a cohesion value of approximately 1,000 pounds per square foot (pst) to be stable at 

0.5H: 1 V slopes. Methods which could be used to achieve this cohesion value are: 

• Reinforce the upper soil layer with cement as recommended by 
Grant Environmental, at about 3 to 6 percent cement. Cement addition 
could occur via excavation and mixing, or via in-situ mixing of a 
cement grout. 

• Excavate the upper soil layer and construct an engineered soil-reinforced 
wall with high density polyethylene (HDPE) geogrids. 

3 . The selected soil reinforcement method is to add cement. The construction entity will be 

required to perfonn field soil reinforcement tests (see Exhibit B) to confinn the selected 

methodology for achieving the required cohesion value of approximately 1,000 psf. 

4 . Reinforcement of the cohesionless soil must be completed prior to excavating at depths below 

this upper layer. 

2.3 EXCAVATION 

1. The excavation plan and horizontal limits of grading for Cell 12 are provided as Drawing 003. 

The excavation slope stability is discussed in Section 3.6. Key excavation plan design 

features are discussed in the paragraphs that follow. 

2 . The maximum depth of finished excavation (or the bottom of the landfill cell) is 75 feet below 

the original ground surface. Maximum excavation depth points are located at the bottom of 

each of the three Leachate Detection System (LDS) sumps.(1) The maximum excavation depth 

confonns to the requirements of the USE lease agreement with the State of Nevada (see 

Section 1.3.2). The maximum excavation depth is also well above the ground water table, 

which is located approximately 285 feet below the original ground surface (or approximately 

210 feet below the bottom of Cell 12). 

3. A horizontal control line (HCL) provides the lateral limits of excavation as shown on 

Drawing 003. The HCL is determined from constraints on the lateral extent of waste 

(1) As described in Chapter 4.0, note that the LDS is associated with the secondary (lower) liner system, while the 
Leachate Collection and Removal System (LCRS) is associated with the primary (upper) liner system. 
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placement, which are defined in the USE lease agreement with the State of Nevada 

(see Section 1.3.2) to be 20 feet from the permitted facility boundary and 150 feet from 

disposed LLRW. These constraints apply to the north, west and south boundaries of Cell 12. 

The HCL for the east boundary of Cell 12 is based on maintaining a 50-foot distance from the 

western limit of Cell 11. Note that the eastern limit of waste placement for the above-grade 

portion of Cell 12 will overlie a portion of the completed western slope of Cell 11 

(see Drawing 004). 

4. Sidewalls are designed with 0.5H: 1 V slopes, except at curved sections where constant -radius 

curves (which do not vary with elevation) are specified in order to facilitate efficient 

construction and a smooth transition for the lining system. The seven curved sections have 

either 50- or ISO-foot radii, and are established from the HCL at the top of slope. The curved 

sections have various slopes; each flatter than O.SH: 1 V. 

5. Cell bottom grading is controlled by the elevation of the three LDS sumps, with minimum 

floor slopes of 1 percent in the westernmost and easternmost cell portions and 2 percent in 

the middle cell portion. Floor slopes facilitate leachate drainage into each of the three sumps. 

Cell bottom grading for the middle cell portion (2 percent) differs from that for the two 

adjoining portions (1 percent) because of geometry constraints (see Drawing 003). 

6. Grades shown on Drawing 003 are those for the top of the subgrade which also corresponds 

approximately to the top of the liner (excluding the operations layer which will overlie the 

liner system). 

7. Excavation spoil materials will be stockpiled offsite to the north of Cell 12, in the area of 

existing excavation spoil stockpiles. 

2.4 CELL BOTTOM SUB GRADE PREPARATION 

1. The excavated subgrade at cell bottom locations will be overlain by a 9-inch thick layer of 

compacted fine-grained material. The purposes of this 9-inch prepared soil layer are to 

provide: (1) a smooth bearing surface for the remaining geosynthetic components of the liner 

system; and (2) additional leachate adsorption capacity to supplement that of the geosynthetic 

liner components. 
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2. The 9-inch layer will be screened as necessary to achieve a gradation per the specifications 

(Exhibit B) with maximum material diameter of 0.75 inches in a soil matrix. The layer will 

then be placed and compacted to 90 percent of Modified Proctor (ASTM D1557) at optimum 

moisture content. 

2.5 CELL SIDEWALL SUB GRADE PREPARATION 

1 . The excavated subgrade at cell sidewall locations will be smoothed with a dragged chain or 

other method approved by the designer of Cell 12. Angular rocks greater than 1 inch in 

diameter protruding more than one-half inch will be removed or, if found over a large area, 

will be smoothed with a layer of gunite (or similar material). In addition, sidewall depressions 

which are of sufficient size to have the potential to result in a cavity below the liner system will 

be filled with gunite (or similar material). Procedure which will be used to determine where 

gunite is used are provided in the Specifications (Exhibit B). 

2.6 SLOPE RISER TRENCHES 

1 . Recessed trenches will be provided to house the LDS riser pipes which extend up the 

sides lope from each of the three LDS sumps (see Section 4.2) as shown on Drawing 008. 

The trench allows the primary liner system to be installed flush over the secondary liner 

system. These trenches will be cut by backhoe or excavator as cell excavation proceeds. 

Gunite (or similar material) will be used as necessary to create a suitable trench surface over 

which to place the secondary liner system. Details regarding construction of the liner system 

and placement of the riser pipes are provided in Chapters 3.0 and 4.0, respectively. 
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3.0 LINER SYSTEM 

3.1 GENERAL 

1 . This chapter presents the results of calculations and design evaluations related to the liner 

system. The remainder of this chapter is organized into the following sections: 

• Section 3.2 - Liner System Component Descriptions and Rationale 
• Section 3.3 - Liner System Exposure Protection 
• Section 3.4 - Foundation Settlement Analysis 
• Section 3.5 - Liner System Stresses 
• Section 3.6 - Stability Analyses 
• Section 3.7 - Construction and Operations Considerations 

Calculations related to the leachate flow capacities of the liner system drainage layers are 

described in Chapter 4.0. 

3.2 LINER SYSTEM COMPONENT DESCRIPTIONS AND RATIONALE 

3.2.1 BASE LINER SYSTEM COMPONENTS 

1. The cross section of the base liner system is shown in Detail 1 of Drawing 007, and includes 

the following components listed sequentially from top to bottom: 

• 2-foot operations layer 
• Double-sided geocomposite LCRS drainage layer (includes 3-inch 

diameter perforated pipes) 
• 100-mil HDPE flexible membrane liner (FML), textured on both sides 
• Double-sided geocomposite LDS drainage layer 
• 80-mil HDPE FML, textured on both sides 
• Geosynthetic clay liner (GCL) 
• 9-inch prepared subgrade (fine-grained soil) 

2. The 2-foot operations layer will be clean soil and/or select waste, with the purpose of 

protecting the underlying liner components from damage due to heavy equipment or other 

operations activities. The layer must not contain large or angular elements which could 

damage the underlying liner system. The first foot of material placed should be of relatively 

small particle size material (e.g., sand and gravel). The second foot of material can have 

larger particles (e.g., up to 12 inches in diameter) provided they are encompassed in a soil 

matrix. No debris or drums are to be placed in this layer. 

3. The upper double-sided geocomposite is the drainage layer of the LCRS. The 3-inch diameter 

leachate collection pipes augment flow capacity to accommodate infiltration from the 25-year, 

24-hour storm event. Detail 2 of Drawing 010 shows the layout of these pipes and a typical 
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section. Supporting calculations indicating performance of this layer are found in Exhibit e.8. 

The geocomposite drainage layer and pipes discharge into the LCRS sumps. Further 

discussion of the LCRS sump and riser pipe is provided in Chapter 4.0. 

4. The 100-mil HDPE FML is the low-permeability component of the primary liner system. The 

selected thickness provides additional puncture resistance (compared to a typical60-mil FML). 

HDPE is selected for its demonstrated resistance to chemical degradation (see EPA 

Method 9090 tests in Appendix F of USE, 1994). The 100-mil HDPE FML will be textured 

on both sides to provide additional interface strength. 

5. The lower double-sided geocomposite is the drainage layer for the LDS. Its function is to 

facilitate detection, collection and drainage of leachate into the LDS sump. Further discussion 

of the LDS sump and riser pipe is provided in Chapter 4.0. 

6. The 80-mil HDPE FML is the upper low-permeability component of the secondary composite 

liner system. It is selected to provide additional puncture resistance (compared to a typical 

60-mil FML), but is at a lesser thickness than the primary FML since the secondary FML is 

located further from operations activities and is underlain by a GCL. Textured HDPE on both 

sides is selected for the reasons stated above for the primary FML. 

7. The GCL is the lower low-permeability component of the secondary composite liner system. 

It is selected because of the GCL's superior hydraulic barrier properties and suitability to an 

arid environment. If a clay liner was used, it would likely desiccate in the desert climate of the 

Beatty area, reducing its effectiveness as a hydraulic barrier. Exhibit D provides an 

evaluation which demonstrates how the GCL is equivalent or superior to compacted clay for 

this application. 

8. The 9-inch prepared subgrade layer provides a smooth surface for installation of the 

geosynthetics materials providing protection of the overlying geosynthetic layers from 

puncture by angular materials in the sub grade. This layer also works in conjunction with the 

GCL above it to enhance its function as a hydraulic barrier and provides additional leachate 

adsorbtion capacity (see Appendix D). 
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3.2.2 SLOPE LINER SYSTEM COMPONENTS 

1. A cross section of the liner system on the slopes of the cell (see Section 2.4) is shown in 

Detail 2 on Drawing 007, and includes the following components listed sequentially from tap 

to bottom: 

• 2-foot operations layer (measured normal to the sidewall) 
• Sacrificial light colored 30-mil HDPE FML (to be removed prior to placement 

of operations layer) 
• Nonwoven geotextile filter fabric 
• Geonet LCRS drainage layer 
• 100-mil HDPE FML, smooth on the top side and textured on the 

bottom side 
• Double-sided geocomposite LDS drainage layer 
• 80-mil HDPE FML, textured on both sides 
• GCL (placed over smooth or specially prepared subgrade) 

2. A lO-foot wide, 4-foot deep anchor trench is provided at the top of each slope as shown in 

Detail 1 on Drawing 009. Calculations which support the configuration of the anchor trench 

are provided in Exhibit C.6. 

3. The 2-foot operations layer functions as stated in Section 3.2.1 for the landfill base. 

However, it is installed incrementally on the slopes as the waste fill is placed. Since the 

slopes are steep (O.5H: 1 V) the operations layer should be incrementally advanced at a 

maximum height of 5 feet above the waste fill height. 

4. The sacrificial30-mil HDPE FML is specified to provide exposure protection (see Section 3.3) 

for underlying geosynthetic materials. The light coloring results in reduced temperatures on the 

lining system. The layer will be removed prior to placement of the operations layer as 

waste filling proceeds (additional construction and operations discussions for this layer 

are provided in Sections 3.3 and 3.7). 

5 . The remaining components of the slope liner system and their functions are identical to their 

counterparts in the base liner system (see Section 3.2.1 above), with the 

following exceptions: 

• Weak interfaces are purposefully provided between the geonet and the 
nontextured surface of the 100-mil HDPE FML, and between the separate 
geotextile and the geonet of the primary liner system. Differential 
movement between these layers prevents settlement related loads from 
being transferred directly to the underlying low-permeability components 
of the primary and secondary liner systems. 
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• Since it would be impractical to construct a layer of cohesionless material 
on the O.5H: 1 V slopes, subgrade preparation consists of smoothing with 
special equipment or elect application of gunite (or similar material), 
where required (see discussion in Chapter 2.0). 

3.2.3 CELL BOITOMISIDEW ALL TRANSITION LINER SYSTEM COMPONENTS 

1 . The cross section of the liner system at cell bottom/sidewall transition locations is depicted in 

Detail 3 of Drawing 007. This detail shows how overlaps will be made for each drainage layer 

to assure continuity of the LCRS and LDS from the sideslope to· the base of the landfill. The 

overlap extends from 3 feet above the floor to 3 feet onto the cell base. This provides a 

doubling of the flow capacity in this transition area. 

3.3 LINER SYSTEM EXPOSURE PROTECTION 

1 . Exposure protection is necessary for the liner system components, both during construction as 

well as cell operations. Exposure issues include the following: 

• Ultraviolet (UV) Radiation: Some geosynthetic materials (without UV 
resistance additives) degrade when exposed to sunlight. For Cell 12, the 
HDPE materials (e.g., FML and geonet) are UV-resistant, hence 
protection from exposure to UV radiation is not necessary for these 
materials. Polyester geotextile materials, however are sensitive to 
UV radiation and must be protected during storage, construction and 
cell operations. 

• Precipitation/W ater: The bentonite within GCLs may expand if exposed 
to moisture and allowed to hydrate in an unconfined condition 
(e.g., during material staging or placement). Thus GCLs must be 
protected during storage and construction. 

• Dust, Soil, Mud: Geonet materials can become ingrained with dust, soil 
or mud if not protected from wind and rain during storage and 
construction. This geonet must be protected during storage 
and construction. 

• Wind: High winds can lift geosynthetics that have not been properly 
anchored (e.g., during construction). This can result in damage 
(e.g., tears) or the material blowing away. Therefore temporary 
anchorage and repair/replacement procedures are needed during 
construction. Protection from wind during cell operations is also needed. 
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2. Exposure protection for geosynthetic materials during construction is included in the 

specifications (see Exhibit B). Materials requiring special handling during 

construction include: 

• GCLs: Store on pallets in delivered plastic packaging and cover with 
tarps. Protect from rain after installation. 

• HDPE FMLs: Store on pallets to avoid damage. Provide temporary 
anchorage to facilitate installation and prevent wind uplift. Follow 
inspection/repair/replacement procedure in specifications (Exhibit B) if 
wind damage has potentially occurred. 

• Geonets: Store on pallets and cover with tarps. Keep free of dust, soil 
and mud during installation. 

• Geotextiles: Store on pallets and cover with tarps. Place subsequent layer 
of liner systems within a reasonable period of time (e.g., within four to 
six weeks). 

• Geocomposites: Same as geotextiles. 

3 . Geosynthetics on the cell bottom are likely to be covered by the operations layer within a 

reasonable period of time (e.g., four to six weeks) after installation. No further protective 

measures are required for those elements. 

4. The sideslope liner system incorporates a sacrificial light colored 30-mil HDPE FML. The 

sacrificial liner is installed over the slope liner during construction. During waste placement it 

is incrementally removed and replaced with the 2-foot operations layer prior to waste being 

filled against the slope. The sacrificial liner protects the slope liner during filling and 

specifically eliminates UV exposure of the primary nonwoven geotextile filter-fabric. The 

layer also prevents infiltration into the slope LCRS during precipitation. As discussed in 

Chapter 4.0, portions of the sacrificial liner are retained as rubsheets for the LCRS risers. 

Sand tubes and wind vents will be installed to secure the slope lining system and prevent uplift 

from wind. The requirements for the sand tubes and wind vents are provided in the 

Specifications (Exhibit B). 

3.4 FOUNDATION SETTLEMENT ANALYSIS 

1 . Foundation settlement calculations are provided in Exhibit C.4. A part of that calculation 

evaluates the maximum expected foundation settlement at various points along a cross section 

taken through the widest part of the closed cell. The purpose of the calculations is to evaluate 

potential adverse effects on the lining system due to foundation settlement (e.g., excessive 
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liner stresses or reduction of bottom slope). The calculations also include an evaluation of 

maximum settlement with respect to the postclosure grading plan (see Chapter S.O for a 

discussion of cap settlement). 

2. The calculations show that total settlement of the foundation from waste filling is negligible 

(e.g., about 1 inch). In addition, differential settlement of the foundation is also negligible 

and does not adversely affect the liner or bottom slope. 

3.5 LINER SYSTEM STRESSES 

1. Provided in Exhibit C.S is an evaluation of tension and elongation of the slope liner system; 

calculated to confirm that the liner system can withstand anticipated loading. The evaluation 

includes consideration of loads on the slopes during installation and operations including 

the following: 

• Gravity elongation 
• Thermal expansion 
• Wind uplift 
• Seismic deformation 
• Settlement 

2. To evaluate the worst-case condition, the strains due to each ofthe loads indicated above are 

calculated and summed to determine the cumulative strain that could be experienced by each 

component. Stresses are then determined from the modulus of the material. The calculated 

stresses are then compared to allowable stresses (e.g., ultimate strength reduced by 

appropriate factors of safety) for each component. Calculated stresses must be smaller than 

allowable stresses for each component of the system to be acceptable. 

3. Evaluations presented in Exhibit C.S indicate that calculated stresses in the selected 

components are smaller than the allowable stresses. The calculated strains due to gravity 

elongation, thermal expansion, seismic deformations result in small stresses in comparison to 

allowable values. Stress generated due to wind uplift are negligible since weights and sand 

tubes will be used to hold down the slope liner system. The largest strain (and corresponding 

stress) results from settlement. However, since a weak interface above the 100-mil HDPE 

FML layer is used, the effect of settlement is isolated to the geonet and geotextile layers of the 

LCRS. As shown in Exhibit C.S the calculated stresses (including the effect of settlement) do 

not exceed the allowable stresses for those layers. 
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3.6 STABILITY ANALYSES 

3.6.1 STABILITY OF EXCAVATED SIDE WALLS 

1. Grant Environmental (July 14, 1994) performed a stability analysis utilizing a computer model 

(ST ABARM) on each of the four walls of the excavated cell, and determined factors of safety 

for failure surfaces at each distinct soil layer within the slope walls. Conclusions from that 

report indicate that except for the upper 4 to 9 feet of material, the excavation slopes will be 

statically stable. Reinforcement of the upper 4 to 9 feet of material is discussed in 

Chapter 2.0. 

2. Grant Environmental (July 14, 1994) also evaluated the performance of the excavated slopes 

under seismic loading conditions using a seismic coefficient ofO.18g and concluded that the 

slopes would remain stable. Using maps completed by Algermissen, 1990, it is determined 

that there is a 10 percent probability that horizontal ground accelerations will not exceed 0.20g 

near the Beatty facility in 50 years (= 475-year return period). Since the cell is likely to be 

open for only about 10 years the conclusions reached in the Grant Environmental report 

are appropriate. 

3.6.2 STABILITY DURING FILLING 

1. Stability during filling was evaluated for the first phase of cell construction (12A). 

Calculations are provided in Exhibit C.2. 

2. The design criteria for this evaluation is the following: 

• A static factor of safety using existing residual strength data of 
greater than 1.3 must be calculated for the temporary waste fill 
slopes and lining system. 

• A maximum seismic deformation of 6 inches from the 475-year 
return period earthquake is allowed in accordance with Seed and 
Bonaparte (1992). 

3 . The evaluation was completed using a 3H: 1 V slope from the 12N12B phase line extending to 

a 70-foot thick temporary waste thickness. This configuration allows for "in pit" management 

of surface water since the waste remains below the crest of the lined perimeter. The evaluated 

cross section is a northerly slice of the waste fill and lining system which has the smallest 

passive block due to the orientation of the 12N12B phase line. This geometry represents the 

worst-case condition. 
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4. As shown in Exhibit C.2 the static factor of safety is 1.46 which is greater than the 

required 1.3. The calculated seismic deformation with a seismic coefficient of 0.20g 

(Algermissen, 1990) is 1.6 inches which is less than the allowed defonnation of 6 inches. 

As such, the selected configuration meets the design criteria and is acceptable. 

5. Special considerations for filling (e.g., lift height and Phases 12B and 12C filling) are 

discussed in Section 3.7. 

3.7 CONSTRUCTION AND OPERATIONS CONSIDERATIONS 

3.7.1 CONSTRUCTION PHASING 

1. The design of Cell 12 was developed to facilitate construction of the landfill in three phases. 

Each phase will have its own set of LCRS and LDS sumps as shown on Drawing 003. The 

westernmost portion of the cell is recommended as the initial phase (12A), while the middle 

(12B) and easternmost portions (12C) are recommended as the second and third phases. 

2 . Construction of the cell in phases is practical, in that it allows landfill capacity to better match 

demand. The basis for initiating construction with the westernmost phase (12A) and 

progressing eastward is threefold: 

• It will facilitate the unrestricted conclusion of operations in Cell 11 
(including the construction of the cover system in that cell) while 
Phase 12A and potentially 12B are being constructed and operated. 

• It will not conflict with the relocation effort for the existing site entrance, 
office and other facilities. 

• Due to the "bottleneck" shape of the cell footprint, Phase 12B will have 
buttressed interim stability for placed waste along the open (eastern) edge of 
that phase. When Phase 12C is subsequently constructed and filled with 
waste, the entire below-grade waste fill will be confined laterally. 

3 . Initially, an access road will be cut through Phase 12B to support the excavation and 

construction of Phase 12A. After construction of Phase 12A is completed and it approaches 

its ultimate interim waste fill height, an access ramp for waste operations can be developed 

from the south perimeter of the cell. Phase 12B can then be constructed with an access road 

(on subgrade material) cut through the Phase 12C area. Filling of Phase 12B can continue via 

the south perimeter access road for Phase 12A. A construction access road for Phase 12C can 

be provided through Phase 12B on the south perimeter on clean fill placed over waste. Filling 

of Phase 12C can then continue utilizing this same access road after it is constructed. 
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4. Cell 12 could also be constructed as one concurrent nonphased effort, if considered 

appropriate. An access ramp would need to be designed along one of the sides lopes if this 

option was selected. 

5. Regardless of how the cell is constructed, below-grade filling will occur in an appropriate 

fashion to maintain cell stability and manage precipitation. Assuming the cell is phased, waste 

fill slopes will be established at 3H:IV in 10-foot thick lifts from the edge of each phase line 

(e.g., 12N12B; 12B112C) to a maximum thickness of 70 feet (see discussion of stability in 

Section 3.6.2). If the cell is not phased, it will be filled in even lO-foot thick horizontal lifts 

along the entire cell base. Above-grade filling is discussed in Chapter 5.0. 

6 . Management of precipitation during below-grade filling will be handled as follows: 

• A 2-foot thick temporary cover soil material will be placed on the 3H: I V 
slopes that extend from each phase line. Precipitation that comes in 
contact with this clean fill slope will be allowed to run off to the 
adjacent area. 

• The active waste deck will be sloped away from the 3H: I V slopes so 
precipitation that contacts the active portion of the landfill will be 
contained. Water that ponds in this area will be removed and handled in 
accordance with approved site procedures. 
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4.0 LEACHATE HANDLING 

4.1 LEACHATE COLLECTION AND REMOVAL SYSTEM SUMPS 

4.1.1 DESIGN ELEMENTS 

1 . The LCRS is associated with the primary liner system. The function of the LCRS is to 

intercept leachate draining through the waste and to discharge it into the sumps for removal 

from the landfill. The typical sump configuration is shown in Detail 1 on Drawing 008. 

A grade break between 1 percent and 10 percent cell bottom slopes is the sump perimeter. 

The LCRS sump is 12 inches deep. Liquid is removed from the sump through a riser that is 

shown in Sections A and B on Drawing 008. The components of the LCRS sump are sized to 

accommodate the maximum anticipated leachate flows while maintaining fluid head above the 

primary liner at or below 1 foot. Design calculations for the LCRS sump and risers are 

provided in Exhibit C.7. Flow and pump sizing calculations are provided in Exhibit e.8. 

2 . Components used in the Cell 12 LCRS sumps are shown on the typical sump layout on 

Drawing 008, and Section A on Drawing 010. The components include: 

• Geocomposite (Texnet TN300211125, or equivalent): This is the principal 
LCRS drainage component (at cell bottom locations, see Section 3.2.1) 
that discharges directly to the drain rock at the edge of the sump. 

• 

• 

• 

• 

7.5-0unce LCRS Filter Geotextile: This geotextile is used to separate the 
operations layer from the I-inch diameter drain rock (described below). 
It is used over the entire sump area within the sump perimeter. 

3-Inch Diameter Perforated Corrugated Polyethylene Pipes: These pipes 
are secondary flow components that assist the LCRS in handling the 
maximum anticipated flow resulting from a 25-year, 24-hour storm event 
(see Section 4.1.2). The pipes discharge directly to a slip joint in the 
primary riser pipe (described below). 

I-Inch Diameter (Nominal) Drain Rock: This is a clean gravel conforming 
to the gradation included in the specifications (Exhibit B). The LCRS 
gravel fills the entire sump to the grade break. 

16-0unce LCRS Cushion Geotextile: This is a nonwoven geotextile used 
to provide additional puncture protection to the liner system within the 
sump perimeter (see Sections A and C on Drawing 010). 

3 . Components of the LCRS riser system include the following (starting at the sump): 

• Slip Joint: Settlement of the riser system is accommodated by a slip joint 
which does not transfer stress to the liner system. As shown in 
Section A, Drawing 010, the slip joint is a lO-inch diameter SDR 17 
HDPE pipe that is extrusion welded to a I-inch thick, 20-inch square 
HDPE flatstock base. The pipe is perforated with 112-inch diameter holes 
60 degrees apart on 3-inch centers (24 holes per foot). A 16-ounce 
geotextile cushion sheet is placed between the liner system and the slip 
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joint base. The slip joint extends a minimum of 6 inches into a riser 
support (discussed below). The lip of the slip joint pipe in the riser 
support will be built up with flatstock and then camfered to provide a 
smooth transition for pumps lowered into the sump. 

• Riser Pipe Support: The riser pipe support consists of a concrete 
foundation block shown in Detail 2 on Drawing 008 which transfers 
the pipe and potential downdrag loads to the LCRS gravel and buttress 
(Section A on Drawing 010), thus preventing stress concentrations on the 
liner system. The riser pipe support is intended to be a cast-in-place unit 
built of 4,000 psi concrete, using Type V sulfate resistant cement. 
A 12-inch diameter, Schedule 80, Type 316 stainless steel welding stub 
will be cast in the concrete and secured with I-inch diameter by 6-inch 
long expansion type anchor bolts. The riser pipe support will be 
positioned in the field such that the slip joint, support and LCRS long 
radius elbow (described below) are correctly aligned. 

• LCRS Long Radius Elbow: This is a prefabricated elbow that provides 
the 6 inches of deflection required to place the LCRS riser pipe in the 
center of the riser support. The piece is 20 feet long and fabricated of 
12-inch diameter, Schedule 80, Type 316 stainless steel. The bottom of 
the LCRS long radius elbow will be welded to the welding stub on the 
riser pipe support. The top will be welded directly to the LCRS riser pipe 
(described below). 

• LCRS Riser Pipe: This is a 12-inch diameter, Schedule 40 carbon steel 
pipe. A 24-inch wide section of the 30-mil HDPE sacrificial liner (see 
Section 3.3) directly beneath the riser pipe will be left in place as a 
rubsheet to protect the slope liner system. 

• Riser Pipe Slip Cover: The function of this component is to minimize the 
transfer of friction and downdrag loads on the riser pipe due to settlement 
of the waste. The riser pipe slip cover will be fabricated from a 12-inch 
diameter corrugated polyethylene pipe (Advanced Drainage Systems, or 
equivalent) that has been split longitudinally and placed over the riser as 
shown in Section C of Drawing 008. It is not necessary to join the 
individual pieces of the slip cover. 

• Top of Slope Anchor: This is a concrete block with an adjustable U-bolt 
(shown in Detail 3 on Drawing 008). This component provides lateral 
restraint for the riser pipe while allowing vertical movement to 
accommodate settlement. When the starter berms and buttresses 
(Section 5.2) are constructed, the riser pipe will be extended and the top 
of slope anchor repositioned accordingly. 

• Leachate Pump: Design calculations (Exhibit e.8) indicate the LCRS 
system could potentially see a maximum flow of approximately 2 gallons 
per minute (gpm). The pump must also be able to generate a total dynamic 
head (TDH) of approximately 126 feet. A Protec reciprocating pump, 
Model No. RP-2 or equivalent (see Exhibit e.8), provides acceptable 
performance (8 gpm and 200 feet TDH) for this purpose. The inlet on 
this type of pump is located at the bottom of the unit, providing the ability 
to remove all but a slight residual liquid level in the sump. 
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4.1.2 MAXIMUM LCRS FLOW 

1. The design storm for this facility is the 25-year, 24-hour event which yields 2 inches of 

precipitation at the Beatty site (see Exhibit e.10). The critical operational time for the LCRS is 

after the 2-foot operations layer has been placed and waste filling operations have just begun. 

At that point, because there is some waste in the cell, collected precipitation is considered to 

be leachate (rather than stormwater), while at the same time the small amount of placed waste 

provides only a minimal amount of additional sorptive capacity, hence the potential for 

precipitation infiltration to the LCRS is greatest. This condition results in the largest potential 

flow in the LCRS. 

2. The calculations in Exhibit e.8 show how the precipitation is distributed between direct 

runoff and infiltration. For the largest phase of the landfill (Cell 12A), it is estimated that 

0.24 acre-feet (78,000 gallons) infiltrates and 0.35 acre-feet (114,000 gallons) is direct 

runoff. The direct runoff is a combination of the distributed precipitation falling on the cell 

bottom and the total precipitation falling on the slopes. As described in Section 6.2.2, the 

sacrificial liner prevents the slopes from contributing infiltration to the LCRS. Handling of 

direct runoff is described in Section 6.2. 

3. The infiltration portion of the precipitation will be handled by the LCRS. The calculations 

(Exhibit C.8) conservatively estimate that the operations layer will have sufficient moisture to 

be at field capacity, which implies an addition of moisture will start gravity drainage. 

However, since the design quantity of infiltration fills only 34 percent of the estimated 

available pore space in the operations layer, drainage is controlled by unsaturated flow. Based 

on the calculations, the maximum drainage rate results in a flow of 2 gpm to the sump. The 

capacity of the recommended pump (8 gpm) provides a factor of safety equal to 4. 

4.2 LEACHATE DETECTION SYSTEM SUMPS 

4.2.1 DESIGN ELEMENTS 

1 . The LDS is associated with the secondary liner system. The functions of the LDS are to detect 

and remove liquid that may migrate through the primary liner system. The system is designed 

to accommodate flow up to the Action Leakage Rate (ALR, defined in Section 4.2.2), while 

fluid head above the secondary liner remains at or below 1 foot. Design calculations for the 

LDS sumps and risers are provided in Exhibit e.7. Flow and pump sizing calculations are 

provided in Exhibit e.9. 

4-3 
Tile' Environmental 

Solutioru 1m:. 



2. Components used in the Cell 12 LDS sumps are shown in the typical sump layout on 

Drawing 008, and Section B on Drawing 010. The components include: 

• Geocomposite (Texnet TN300211125, or equivalent): This is the principal 
LDS drainage component (at the cell bottom locations, see Section 3.2.1) 
that discharges to the geonet at or near the sump perimeter (see Section C 
on Drawing 010). In the vicinity of the sumps, multiple layers of 
geocomposite are used to provide additional flow capacity. See Detaill 
on Drawing 010 for deployment of multiple geocomposite layers around 
the sumps. 

• Geonet (Polynet 3000 or Equivalent): The geonet is a high capacity 
synthetic drainage layer. It is used within the grade break at each sump 
to convey liquid to the 15-inch deep sump area (see Detail 1 on 
Drawing 010). Geonet is also used around Sumps 12A and 12C to 
provide sufficient flow capacity for the design ALR. 

• 16-0unce LDS Cushion Geotextile: This is a nonwoven geotextile used to 
provide additional puncture protection to the liner system within the sump 
perimeter (see Sections Band C on Drawing 010). 

• I-Inch Diameter (Nominal) Drain Rock: A clean gravel conforming to the 
gradation included in the specifications (Exhibit B). As shown in 
Section B on Drawing 010, the LDS gravel fills only the 15-inch deep 
sump area. 

• LDS End Caps, Tee, Collection Pipes and Elbow: These pieces are all 
12-inch diameter SDR 17 HDPE that is perforated to collect flow into the 
LDS sump. The pieces rest on a I-inch thick piece of HDPE flatstock. 
The pieces also transfer the lateral load of the riser pipe to the sidewall of 
the LDS sump. A I-inch thick piece ofHDPE flatstock is used to evenly 
distribute the load from the HDPE tee and collection pipes to the sidewall 
(see Section B on Drawing 010). Additional lateral resistance is provided 
by the 4-foot thick operations layer placed directly over the sump 
(see Section A on Drawing 008). 

• 16-0unce Lower LDS Cushion Geotextile: This is a nonwoven geotextile 
that provides puncture protection to the secondary liner system in the 
15-inch deep portion of the sump as shown in Section B on Drawing 010. 

3. Components of the LDS riser system include the following (starting at the sump): 

• LDS Riser: A 12-inch diameter SDR 17 HDPE pipe used for 
pump access. 

• LDS Riser Trench and Backfill: The LDS Riser (described above) is 
placed in a 24-inch wide by 18-inch deep trench cut into the sidewall 
during excavation. Gunite (or similar material) will be used as necessary 
to smooth the walls prior to placement of the secondary liner system (see 
Section 2.5). A 30-mil PVC rub sheet is used to separate the backfill 
material from the geocomposite and to provide additional cushion to the 
liner system. Backfill consists of lightweight concrete (25 pct). The 
concrete must have a minimum strength of 200 psi and be quick setting. 
The construction entity must provide a forming plan for approval prior 
to construction. 
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• Top of Slope Anchor: See the LCRS Top of Slope Anchor description in 
Section 4.1.1 above since the units are identical. 

• Leachate Pump: See the LCRS Leachate Pump description in 
Section 4.1.1 above since an identical unit will be used. 

4.2.2 ACTION LEAKAGE RATE 

1. As described in 40 CFR § 264.302(a), the ALR is " ... the maximum design flow rate the 

LDS can remove without the fluid head on the bottom liner exceeding 1 foot." The ALR 

for each of the three sumps was determined by: (1) assuming a nominal design flow value; 

(2) determining a configuration of the LDS components that could satisfy the design flow; and 

(3) calculating the actual ALR resulting from that configuration. 

2. Drainage into the LDS sumps is controlled by the flow rate of the LDS geocomposite and the 

minimum effective flow width of the LDS sumps. Since the effective width of flow narrows 

approaching the sumps, additional flow capacity is required in this vicinity. Geonets or 

double layers of geocomposite are used to provide the desired flow capacity. Layout 

configurations for those components are shown in Detail 1 on Drawing OlD. 

3 . Calculations of the ALRs are provided in Exhibit e.9. The resulting ALR for each of the 

sumps is shown below: 

SUMP CELL BASE AREA 
(acres) 

12A 3.49 

12B 2.45 

12C 2.87 

gpad = gallons per acre-day 
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5.0 ABOVE-GRADE DESIGN AND COVER SYSTEM 

5.1 GENERAL 

1. The main construction activities required for placing waste in the portion of Cell 12 above the 

existing grade include construction of the following: 

• A starter berm along the north and west perimeters to initiate development 
of the 3H: 1 V slopes for sides of Cell 12. 

• A series of five lined, lO-foot-high starter berms and buttress fills along 
the south perimeter. These berms and buttresses will allow the prism to 
be extended to a height of 50 feet without having the waste extend into the 
ISO-foot buffer from the LLRW trenches. 

• The fmallandfill cover. 

The general configuration of these items is shown in Sections Band C on Drawing 006. 

Details for each are described in Sections 5.2 and 5.3. Section 5.4 discusses stability and 

settlement calculations which have been performed for the above-grade portions of Cell 12. 

5.2 STARTER BERMS AND BUTTRESS FILLS 

1. As the capacity of the below-grade portion of the landfill is reached it will be necessary to 

begin placing waste above grade. To effectively manage surface water during filling and 

provide stability to the above-grade filling operation, starter berms of select waste or clean ftll 

material will be constructed. The upper 3 feet of the starter berms will be constructed of 

clean fill so that temporary anchor trenches (see Details 2 and 3 on Drawing 009) for the 

geosynthetic cover components are not built on waste. The outer 2 feet of the starter berm 

face will also be clean fill. This is to preclude precipitation which falls onto the slope prior to 

cover installation from contacting waste. The starter berms will be compacted using 

procedures provided in the specifications (Exhibit B). 

2. Only a single starter berm will be provided on the north and west perimeters of the cell since 

the waste surface slopes at 3H: 1 V for the full height of the waste prism (see Sections Band 

C on Drawing 006) in these areas. As the waste is placed above the inboard crest of the 

starter berm, a 2-foot thick layer of clean soil will be placed to contain rainfall in the disposal 

areas and for temporary erosion protection. This 2-foot-thick layer will ultimately form the 

cover system foundation layer for the 3H: 1 V slopes. 

3 . A series of five starter berms will be provided on the south side of the landfill to facilitate 

construction of the 0.5H: 1 V waste slope as shown on Drawing 006. Each of the lO-foot-high 
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starter berms will be buttressed by an earth fill comprised of site soils compacted to 90 percent 

relative density (ASTM D1557). Each lO-foot-high buttress will be placed after installation of 

geosynthetic materials on the outer face of each starter berm (see Detail 3 on Drawing 009). 

After the waste fill has reached the fill height facilitated by the fifth starter berm, waste will be 

placed at a 3H: 1 V slope to its final configuration. As on the north side, a 2-foot layer of clean 

soil (the ultimate cover system foundation layer) will be placed above the waste surface to 

contain rainfall in the disposal area and provide temporary erosion protection. 

4. As provided for in Note 4 on Drawing 006, the waste level will always be kept below the crest 

of the inboard side of each starter berm to maintain control of surface water. 

5 . Anchor trenches will be constructed in the upper 3 feet of clean fill of each starter berm to 

facilitate installation of geosynthetic cover materials. Subsequent layers of geosynthetic 

materials will be overlapped and welded, as appropriate, to those on the adjacent lower starter 

berm to provide a continuous barrier. The temporary trench and geosynthetic material 

configurations are shown in Details 2 and 3 on Drawing 009 for the north and west, and 

south slopes, respectively. 

5.3 COVER SYSTEM DETAILS 

1 . Once the waste fill has reached its ultimate configuration, the cell will be closed. A cover 

system will be constructed which includes the following layers (from bottom to top): 

• 2-foot thick foundation layer (placed during filling) 
• Geosynthetic barrier layer comprised of: 

GeL 
60-mil textured HDPE FML 

• Geocomposite drainage layer 
• 2-foot thick cover protection layer comprised of: 

1.5 foot thick granular soil layer 
0.5 foot thick gravel, erosion-resistant layer 

Each of these components are discussed in the following subsections. 

5.3.1 FOUNDATION LAYER 

1. The foundation layer consists of the 2-foot thick layer of clean site soil which will be placed 

during waste filling, as discussed in Section 5.2. Prior to constructing the final cover system, 

this layer of soil will be checked for minimum thickness, augmented with additional soil or 

trimmed where necessary, and proof rolled with three passes of a sheepsfoot compactor. 
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2. After compaction, the foundation layer will be smoothed with a grader or other appropriate 

equipment to achieve the specified lines and grades (5 percent minimum on the top of the 

landfill) and to establish an appropriate surface for the geosynthetic cover components. 

5.3.2 GEOSYNTHETIC BARRIER LAYER 

1 . The purpose of the geosynthetic barrier layer is to meet the requirements of 40 CFR 

264.31O(a)(5), which states that the final cover must: 

"(5) Have a permeability less than or equal to the permeability of any 
bottom liner system or natural subsoils present." 

2. For landfills which have two FMLs in the liner system, EPA draft guidance (EPA, 1987) says 

that the cover system permeability requirement of 40 CFR 264.31O(a)(5) does not mandate 

the installation of two cover system FMLs. The draft guidance states: 

"A single FML in the final cover that is equivalent to the thicker FML 
used in the double liner system will be considered to have an 
equivalent permeability." 

? , 

3 . The barrier components of the Cell 12 liner system are and one GCL. 

Accordingly, in conformance with regulation and draft guidance, the barrier components of 

the Cell 12 cover system are one FML and one GCL. The Cell 12 cover system barrier 

component are described below, listed from the bottom up: 

• GCL (K ~ 5xlO-9 cm/sec) 
• 60-mil textured HDPE FML 

The Cell 12 cover system GCL is specified at the same maximum permeability as the liner 

system GCL. The Cell 12 cover system FML is specified at a thickness of 60 mils, rather 

than a thickness of 100 mils which represents the thicker of the two liner system FMLs, 

because the cover system is expected to experience significantly reduced loads, puncture 

potential and leachate exposure as compared to the liner system. This departure from draft 

guidance is considered to be appropriately justified by the design for Cell 12, especially in 

light of its location in an arid desert environment (e.g., lack of precipitation). 

4. The GCL will be of the needle-punched or sewn variety to provide appropriate internal 

interface strengths with the foundation and barrier layers under hydrated conditions and the 

level of confinement achieved from 2 feet of overlying soil/gravel. The strengths for the 

materials used for construction will meet or exceed those used in the stability analyses 

discussed in Section 5.4. 
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5.3.3 GEOCOMPOSITE DRAINAGE LAYER 

1 . The selected drainage layer will remove infiltration water to prevent the cover soil from 

becoming saturated. The material will be comprised of nonwoven needle-punched polyester 

geotextile layers bonded to both sides of a HDPE geonet. This layer will be placed directly 

on top of the textured HDPE FML and below the soil/gravel cover protection layer. 

Calculations discussed in Section 5.4 shows that both of these interfaces have sufficient 

strength to remain stable. 

5.3.4 COVER PROTECTION LAYER 

1. The cover protection layer will be comprised of a 1.5-foot thick granular soil layer and a 

0.5-foot thick gravel layer, the latter for erosion protection. The granular soil layer will be 

comprised of material from onsite excavations which has been processed such that particles 

greater than 1 inch in diameter have been removed. The material will be carefully placed over 

the geocomposite drainage layer to prevent damage during construction. 

2. The gravel layer will be comprised of screened oversize material from onsite excavations, with 

particle sizes ranging from 3/4 to 3 inches. Calculations presented in Exhibit C.ll show that 

with the particle size distribution selected, adequate erosion control (e.g., less than 

2 tons/acre-year) is achieved. 

5.4 SLOPE STABILITY AND SETTLEMENT 

5.4.1 STATIC AND SEISMIC STABILITY OF CLOSED CELL COVER SYSTEM 

1. The calculations in Exhibit C.l provide an evaluation of the static and seismic surficial stability 

of the closed cell cover system. That evaluation considers the following materials and 

interfaces which comprise the cover system: 

• Soil cover 
• Soil overlying geocomposite 
• Geocomposite overlying 60-mil textured HDPE 
• 60-mil textured HDPE overlying GCL 
• GCL (internal) 
• GCL overlying foundation materials 
• Foundation and buttress materials 

The stability calculations are based on interface and material strengths determined from past 

projects or the literature. Specifications (Exhibit B) require site-specific testing for the most 

critical elements. 
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2. The calculations evaluate the cover system configuration, materials and interfaces for static 

and seismic stability for the 3H: 1 V cover slopes and the 2H: 1 V south buttress slope. A peak 

horizontal ground acceleration (PHGA) of 0.42 g is used for the seismic calculations, based 

on considerations of the maximum credible earthquake (MCE) at the site location. 

Determination of the MCE and PHGA are provided in Exhibit C.1. 

3 . The calculations conclude that the waste fill and cover system are stable for the design slope 

configurations. The static factors of safety are in excess of 1.5 for the overall slopes, cover 

system and the south buttress. 

4. The calculations also show that the waste fill, cover system and buttress are stable for seismic 

conditions. For the cover system and south buttress, the largest estimated deformations are 

approximately 2 and 3 inches, respectively. These calculated values are within the commonly 

accepted deformation range of 6 to 12 inches (Seed and Bonaparte, 1992). 

5.4.2 SETTLEMENT 

1. Calculations to quantify the settlement of the final cover system are provided in Exhibit C.4. 

The calculations account for settlement of each of the following materials along a typical cross 

section of the landfill: 

• Settlement of foundation soil 
• Settlement of waste 
• Settlement of the landfill cover system 

2. The waste fill is assumed to be comprised of the following: 

• 85 percent soils and soil-like wastes 
• 10 percent containerized wastes 
• 5 percent noncompressible solid wastes 

The calculations include settlement of containerized wastes and reflect both the collapse of a 

partially-full container, as well as the compression of the waste itself within the container. 

3. The maximum settlement at the crown of the closed cell (see Point D' in Figure 2 of 

Exhibit C.4) is estimated to be between 16 and 79 inches. The considerable range of these 

values results from assumptions on the compressibility of the soil-like waste. For even the 

more conservative value, the settlement is less than only 5 percent of the total fill height. 

Estimated differential settlement along the modeled cross section indicates that with the 

design slopes of 3H: 1 V and a minimum cap grade of 5 percent, the potential for low spots 

(e.g., spots which could cause ponding) to develop is nil. 
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6.0 SURFACE WATER MANAGEMENT 

6.1 GENERAL 

1. Surface water management (SWM) systems for the USE facility are designed to accommodate 

precipitation from the 25-year, 24-hour storm event. This storm is estimated to yield 2 inches 

of precipitation as determined by the National Oceanic and Atmospheric Administration 

(NOAA, 1973) . 

2. The overall site drainage control has already been developed by USE (USE, 1994). The 

general configuration of existing site drainage controls is shown in Drawing 002. 

3. This chapter describes how stormwater will be managed for Cell 12 operations and closure. 

The descriptions are provided in the following sections: 

• Section 6.2 - Control of Stormwater in the Disposal Area 
• Section 6.3 - Run-On Control 
• Section 6.4 - Cover Runoff Control 

6.2 CONTROL OF STORMWATER IN THE DISPOSAL AREA 

1 . For the purposes of this discussion, precipitation which falls within the disposal area is 

grouped into the following three categories: 

• Stormwater from precipitation which has fallen on the O.5H: 1 V 
cell sidewalls. 

• Stormwater from precipitation which has fallen on placed waste. 

• Stormwater from precipitation which has fallen on the outboard face of the 
3H: 1 V in-landfill slopes(1) which comprise the temporary slopes from 
filling Phases 12A and 12B. 

The management of these three categories of stormwater is discussed in the paragraphs that 

follow and are consistent with the procedures discussed in Section 3.7. 

2. Stormwater from precipitation which has fallen on the O.5H: 1 V cell sidewalls will not have 

contacted waste. This stormwater has the option of being managed separate from that which 

has contacted waste. If cell sidewall stormwater is captured with a sidewall "rain gutter" (or 

similar) system, it can be diverted for discharge and/or evaporation together with other clean 

stormwater. A 'rain gutter system could readily be affixed to the sacrificial FML which 

(1) This assumes that Cell 12 is constructed in three phases rather than one concurrent nonphased cell. 
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overlies the sidewall liner system. On the other hand, if allowed to commingle with 

stormwater which has contacted waste, cell sidewall stormwater will be managed following 

appropriate site protocols for contact water. 

3. Stormwater from precipitation which has fallen on placed waste will be managed following 

appropriate site protocols for contact water. Placed waste will be graded so that collected 

stormwater is directed to an in-cell ponding point located against one of the cell sidewalls, 

from which it can be removed for proper management. 

4. Stormwater from precipitation which has fallen on the outboard face of the 3H: 1 V in-landfill 

slopes will not have contacted waste. It will be discharged and/or evaporated together with 

other clean stormwater. 

5. The calculations in Exhibit e.8 evaluate the expected stormwater flow volumes from the 

25-year, 24-hour design storm event for two cell configurations: (1) when Cell 12A has just 

been constructed and waste filling operations commence; and (2) when all three constructed 

cells (i.e., Cells 12A, 12B and 12C) have been filled with waste up to 3 feet below existing 

ground surface. This latter configuration represents the largest potential exposed surface area 

of waste (approximately 8.9 acres). The calculations include the conservative assumption that 

sidewall stormwater is not diverted from that which has contacted waste. Calculation results 

are summarized below: 

• The 25-year, 24-hour design storm event over initial waste operations in 
Cell12A would be expected to generate approximately 171,000 gallons 
of stormwater (including a 50 percent factor of safety). 

• The 25-year, 24-hour design storm event over the entire Cell 12 filled 
with waste up to 3 feet below existing grade would be expected to 
generate approximately 300,000 gallons of stormwater (including a 
50 percent factor of safety). 

6. Stormwater collection and holding facilities will be provided by USE. These facilities must be 

emptied or otherwise managed expeditiously after storms to maintain the design capacity of 

the system. 

6.3 RUN-ON CONTROL 

1. Run-on control at Cell 12 is required only during the period that disposal operations are 

occurring below grade. The requirement during that period will be to prevent rainfall outside 

of the cell area from entering into the excavation and potentially being exposed to the waste 
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disposal operations. This is accomplished by: (1) maintaining a minimum 2 percent slope 

away from the lined excavation as shown in Detail 1 on Drawing 009; and (2) keeping existing 

drainage paths away from Cell 12 in an open condition so that flow can occur. 

2. Run-on control will not be necessary when the disposal operations extend above the existing 

grade. At that time, potential run-on will be restricted by earth berms constructed around the 

cell perimeter as discussed in Section 5.3 and shown on Drawings 006 and 007. 

6.4 COVER RUNOFF CONTROL 

6.4.1 GENERAL 

1. Runoff control from the cover slopes during filling of the cell above existing grade and at 

closure will be provided by the following types of control components: 

• Bench drains (see Detail 4 on Drawing 009) along the cell cover to limit 
the length of slope exposed to sheet flow. 

• Downdrains (see Drawing 004 and Detail 5 on Drawing 009) spaced 
periodically along the cover slopes to discharge bench drain run off to the 
perimeter of the cell. 

• Perimeter ditches (see Details 3 and 4 on Drawing 010) to convey flow 
from the downdrains, bottom portions of the cover slopes and 
immediately adjacent areas to the overall site drainage system. 

These systems are described in the following paragraphs. 

2. The bench drains are located to maintain slope erosion below 2 tons per acre-year required by 

EPA guidance (EPA, 1989). Calculations provided in Exhibit C.11 show that this 

requirement is satisfied with one bench drain on the 3H: 1 V north and west slopes and 

two bench drains on the 2H: 1 V south slope. 

3 . A minimum 3 percent slope is provided along each bench drain to promote flow and allow for 

some differential settlement without the potential for ponding to occur. The maximum 

calculated bench drain flow for the system shown on Drawing 004 is approximately 4 cfs 

(see Exhibit C.10). Detail 4 on Drawing 009 shows how each bench drain will include gunite 

or a similar (e.g., thick HDPE liner) erosion protection material. 

4. Detail 6 on Drawing 010 shows how the bench drains will discharge into down drains along 

the cover slope. The maximum flow expected to occur in a downdrain is about 4 cfs from the 

design storm (see Exhibit C.1O). This magnitude of flow will be readily contained in the 

6-3 
C Environmental 

Solutions Inc. 



4-foot wide down drain configuration shown in Section 5 on Drawing 009. As shown, each 

downdrain will also be lined with gunite or a similar erosion protection material. 

5 . Drawing 004 shows that a concrete splash wall will be provided at the bottom of downdrains 

where needed to dissipate energy as the flowing water enters perimeter ditches. The design 

for each splash wall is provided in Detail 7 on Drawing 010. 

6. The perimeter ditches consist of eight reaches shown on Drawing 004. Dimensions for the 

perimeter ditch reaches are shown in Details 3 and 4 on Drawing 010. 

7 . Reaches 1, 2 and 3 make up the perimeter ditches along the entire north perimeter of Cell 12. 

The V -ditch in these reaches are designed to be constructed within a small width between the 

cell cover slope and the property line. The flow will be from west to east, where Reach 3 will 

then discharge into a gravel swale constructed across the north site access road. The 

configuration of this swale is shown in Detail 5 on Drawing 010. 

8. Reaches 4 through 7 will drain runoff from along the entire south perimeter of Cell 12. 

Reach 4 drains in an east-to-west direction, and Reaches 5 through 7 drain in a west-to-east 

direction. The discharge from Reach 7 will be into an existing north to south site drainage 

swale along the west side of Cell 11. As shown in Detail 3 on Drawing 010, the ditch in 

Reaches 4,5 and 6 will be formed by the south buttress slope of Cell 12 and a 2 percent 

graded fill which slopes down from the presently closed LLRW trench cover. The ditches in 

these reaches will be protected with gunite (or a similar material) . Reach 7, which passes 

through a more restricted topographical area, will be constructed as a V -ditch as shown in 

Detail 4 on Drawing 010. 

9. Finally, Reach 8 represents the entire perimeter ditch along the west end of Cell 12. This 

V -ditch will discharge into a swale across the west access road. The design for this swale is 

also provided in Detail 5 on Drawing 010. 
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February 14, 2002 010917 
 
 
Nevada Department of Conservation and Natural Resources 
Division of Environmental Protection, Waste Management Bureau 
333 West Nye Lane 
Carson City, NV  89710 
 
Attention: Jeffrey C. Denison 
 Supervisor, RCRA Facilities 
 
RE: Trench 12 Final Design and Construction 
 US Ecology, Beatty, NV 
 
Dear Mr. Denison: 

 US Ecology and AquAeTer, Inc. have discussed the design, approval, and construction 
process for the next waste disposal trench at the Beatty facility with you and other Division 
(NDEP) representatives on several recent occasions.  Final trench design documents have not 
been submitted to NDEP, but the current trench design (submitted to NDEP in 1996) and the 
concept for modifying that design to increase disposal capacity and simplify construction are 
addressed in US Ecology’s RCRA Permit renewal application submitted to NDEP in early 
October 2001.  During a January 31, 2002 conference call between US Ecology, AquAeTer, and 
NDEP (represented by Mr. Jon Taylor), it was agreed that US Ecology would provide to NDEP 
this written notification of the intent to begin Trench 12 construction in January 2003.  The 
schedule for submittal of various design and construction related documents, as required by the 
1998 RCRA Permit, is directly tied to the expected construction start date. 

During the January 31st conference call, two aspects of Trench 12 design that require 
relatively quick resolution were identified.  These design aspects are discussed below.  

ITEMS REQUIRING RESOLUTION 

 The Trench 12 design was submitted to NDEP in 1996 and was conditionally approved in 
the 1998 RCRA Permit (NEV-HW0011, Revision 1).  Review of the design document package 
that was submitted in 1996 involved many discussions between NDEP and US Ecology to 
resolved identified design deficiencies.  However, it now appears that some items discussed 
during the review process require further clarification.   

Requirement of hydraulic conductivity of soil beneath liner of 10-5 cm/sec or less. 

The 1998 RCRA Permit requires that test results demonstrating that soil planned for use 
constructing the “soil layer” component of the trench liner system satisfy a 1 x 10-5 cm/sec 
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hydraulic conductivity requirement.  According to Section VIII.C.2.b of the 1998 RCRA Permit, 
this demonstration is required 90 days (or more) prior to trench construction. 

The trench liner design (leachate collection and removal system, and leak detection 
system) in the 1996 design document package includes several man-made components, including 
two flexible membrane liners (polyethylene), drainage media, geotextiles, and a geosynthetic clay 
liner (bentonite bonded to geotextile).  The geosynthetic clay liner is the bottom component of 
the liner system.  This liner system rests on native soil identified as “prepared subgrade.”  It is 
US Ecology’s understanding that the hydraulic conductivity requirement contained in the RCRA 
Permit (i.e., 1 x 10-5 cm/sec) applies to the “prepared subgrade” component of the 1996 design.  
Further, we understand that the liner system shown in the 1996 design documents (as clarified by 
the 1 x 10-5 cm/sec hydraulic conductivity requirement) is accepted by NDEP as an alternate to 
the USEPA minimum technology requirements for such liner systems. 

US Ecology respectfully requests that NDEP confirm that our understanding is correct, or 
please guidance regarding how the hydraulic conductivity requirement applies to the liner system 
in the conditionally approved design. 

Sump Design  

 The 1996 design identifies a nine-inch thick “prepared subgrade” layer beneath most 
areas of the Trench 12 bottom liner.  The prepared subgrade beneath the three-leachate sumps is 
native soil amended with portland cement to form “soil cement.”  There is no prepared subgrade 
beneath the liner system on trench sideslopes.   

 The nature of the prepared subgrade component of the liner system was the subject of 
significant discussion during the review of the 1996 design document package.  It is US 
Ecology’s understanding that the outcome of these discussions was agreement that the prepared 
subgrade layer: 

♦ satisfy a 1 x 10-5 cm/sec hydraulic conductivity specification (as discussed above); 

♦ be nine-inches thick beneath the trench bottom liner (except at sumps); and  

♦ be 36-inches thick beneath the three sumps (i.e., in the areas shown as soil-cement in the 
1996 design). 

 US Ecology respectfully requests that NDEP confirm that our understanding is correct, or 
please provide guidance regarding the subgrade thickness that is expected. 
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SCHEDULE FOR SUBMITTALS 

 US Ecology plans to complete Trench 12 final design work, including the items described 
above, on a schedule that will allow trench construction to begin in January 2003.  The following 
tentative schedule for submittal of design information is planned.   

May 2002: Revised trench design drawings. 
 Installation of Trench 12 up-gradient groundwater monitoring well, 

(12 months prior to expected first waste placement). 

August 2002: Final trench design drawings. 
 Construction Quality Assurance (CQA) Plan. 
 Revised Landfill Report (RCRA Permit Section IV.D). 

September 2002: Results of liner material (soil and membranes) tests. 

October 2002: Subsurface survey of the south side of the Trench 12 construction 
area. 

 US Ecology appreciates NDEP regulatory guidance provided to date on these items, and 
anticipates that we will continue regular communication on this subject as the design is 
completed and trench construction is started.  We will appreciate NDEP comments on the Trench 
12 design issues discussed in this letter.  Should you have any questions, or require additional 
information, please call Jim Hancock at US Ecology at (775) 553-2203, or either of the 
undersigned at 303-771-9150. 

Sincerely, 

AquAeTer, Inc.  
 
 
 
Petko A. Zlatev Stephen L. Wampler, P.E., NV CEM 
Project Manager Project Engineer 
 
 
 
 
cc: Mr. Jim Hancock – US Ecology, Beatty 
 Jon Taylor - NDEP 
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1. PURPOSE OF THIS SUPPLEMENT 

This Supplement to the Trench 12 Landfill Report (Supplement) and attachments present the 

Final Design for the Trench 12 landfill at the US Ecology Nevada, Inc. (USEN) hazardous waste 

management facility located near Beatty, Nevada (see Figure 1).  This is a supplement to the 

1994 “Section IV.D, Landfill Report, US Ecology, Inc., Beatty, Nevada” (Landfill Report) (USE, 

1994) that was provided to the Nevada Division of Environmental Protection (NDEP).  Another 

component of the previous Landfill Report was the March 1996 “Cell 12 Design Report” (TRC 

Environmental Solutions, 1996), as specifically cited in the 2005 RCRA Permit.  The 1996 

Design Report was provided in response to an NDEP letter dated September 22, 1995 (NDEP, 

1995) that requested certain additional information with regard to the Trench 12 design.  The 

1994 Landfill Report, 1996 Design Report, and the resolution of Nevada Division of 

Environmental Protection (NDEP) design-related comments and questions (as cited in the 2005 

RCRA Permit) comprise the 1996 Trench 12 Design (1996 Design) referenced in this 

Supplement. 

The 1996 Design was given conditional approval by NDEP in the 1998 RCRA Permit and the 

renewed 2005 RCRA Permit.  That approval was subject to satisfactory completion of the 

design-related conditions contained in Section 7.12 of the RCRA Permit.  In general, the 

conditions under which approval was granted include finalization of certain design drawings and 

plans, completion of certain materials tests, and completion of a geophysical survey of the 

Trench 12 location. 

USEN has completed the Final Design for disposal Trench 12 and presents the final design in 

this Supplement, which includes the attached “Construction Quality Assurance Plan for 

Trench 12” (CQA Plan).  This Final Design differs from the conditionally approved 1996 

Design as needed to satisfy the design-related conditions contained in the RCRA Permit and to 

accommodate minor changes in the USEN plan for the relationship between disposal 

Trenches 11 and 12.  Also, during 2007, USEN renewed its lease agreement with the State of 

Nevada for the property that is occupied by the Beatty facility, including the location of 

Trench 12.  The Trench 12 site area is referred to as Area C in the lease agreement.  The terms 

of the renewed lease allow USEN to more effectively utilize the portion of its leased property 
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between the southern limit of waste disposal in new Trench 12 and the northern limit of the 

adjoining closed low-level radioactive waste (LLRW) disposal area. 

This Supplement consists of the following components: 

� Supplement – Trench 12 Landfill Report; 

� Attachment 1 - Trench 12 Soil Testing Results; 

� Attachment 2 - Results of Geophysical Survey of Trench 12 Area; 

� Attachment 3 - Supplemental Engineering Calculations; 

� Attachment 4 – Construction Quality Assurance Plan for Trench 12. 

Attachment 4, the CQA Plan, also includes the following appendices: 

� Appendix A - Above-Grade Facility Design Drawings; 

� Appendix B -Construction Materials Specifications; and 

� Appendix C - Construction Methods Specifications. 

The Supplement and its various attachments present the Final Design for Trench 12 and address 

in detail the differences between the conditionally approved 1996 Design and the Final Design.  

The specific types of design refinements made are: 

� The Final Design incorporates additional design refinements developed through the 
process of review and comment by NDEP; 

� The Final Design addresses the specific conditions of NDEP approval of the 1996 Design 
(as presented in Section 7.12 of the RCRA Permit); and 

� The Final Design accommodates changes in USEN planning to make more effective use 
of its leased property for development of Trench 12 and to facilitate the waste disposal 
transition from Trench 11 to Trench 12. 

The Supplement is organized to address these areas of design refinement and to present 

appropriate supporting documentation.  Aspects of Trench 12 design that are not modified in the 

Final Design remain in the Design Drawings (CQA Plan Appendix A), Construction Materials 

Specifications (CQA Appendix B), and Construction Methods Specifications (CQA Plan 

Appendix C).  These unchanged design aspects are not specifically addressed in this 
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Supplement, and the supporting documentation (including calculations) provided in the 1996 

Design, as previously reviewed and approved by NDEP, are not included in the Supplement. 

Design details that either are clarified or changed between the 1996 Design and Final Design, 

and the location where the additional information is provided in this Supplement, are 

summarized below. 

Changed Design Details How Addressed Information Location 

Design details developed in compliance with RCRA Permit conditions 

7.12.2 Subgrade hydraulic 
conductivity
requirement 

Laboratory testing for site soil 
materials. 

Section 5.2.2, and 

Attachment 1  

Additional test results to 
be provided as indicated 
herein.

7.12.3 Stress-strain testing 
for liner materials 

On June 28, 2007, NDEP 
confirmed that this requirement 
would be satisfactorily addressed 
by providing the manufacture’s 
quality control results for liner 
materials used. 

Section 5.2.1,

CQA Plan, Appendix B, 
and

Attachment 3 

7.12.4 Submit complete set 
of final design 
drawings

The final design, including 
drawings and specifications, is 
provided in the CQA Plan. 

CQA Plan, Appendix A 

7.12.5 Submit QA/QC Plan 
for Trench 12 
construction

QA/QC requirements for 
Trench 12 construction are 
provided in the CQA Plan. 

Section 5.1, and 

CQA Plan, Appendices 
A, B and C 

7.12.7 Demonstrate capacity 
to store runoff from 
design storm 

On June 28, 2007, NDEP 
confirmed that this requirement 
would be satisfactorily addressed 
by Response Action Plan (RAP) 
language.

(RAP to be provided 
separately) 
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Changed Design Details How Addressed Information Location 

7.12.8 Sump gravel hydraulic 
conductivity
requirement 

Laboratory testing for site soil 
materials. 

Section 5.2.3,

Attachment 1, and 

Attachment 3  

Additional test results to 
be provided as indicated 
herein.

7.12.11 Magnetic survey of 
Trench 12 area 

A geophysical survey of the 
Trench 12 area was conducted 
during July 2007. 

Section 9.1, and 

Attachment 2 

Other design changes 

Trench 11 – 12 relationship The 1996 Design merged the 
disposed waste footprints and 
final covers of the two trenches; 
the Final Design merges a small 
portion of the final covers, but not 
the waste footprints. 

Section 4, and 

CQA Plan, Appendix A 

Separation between Trench 12 
waste disposal and cover 
footprints and the closed LLRW 
area

The 2007 lease agreement with 
Nevada allows Trench 12 to more 
closely approach the closed 
LLRW area in the Final Design. 

Section 4, and 

CQA Plan, Appendix A 

Trench 12 LCRS and LDS areas The Final Design provides a 
larger total trench area, and 
increases the leachate volume to 
be managed by the LCRS/LDS.  
The Final Design accommodates 
the leachate volume increase. 

Section 6, 

Attachment 3, and 

CQA Plan, Appendix A 

Note: Compliance schedule items 7.12.1, 7.12.6, 7.12.9, 7.12.10, and 7.12.12 in the RCRA 
Permit either require no design-related response or will be addressed in later submittals to 
NDEP. 

In addition to these areas of design refinement, this Supplement also addresses questions related 

to landfill design and operations posed by the Nevada State Health Division, the agency 

responsible for long-term custodial care of the closed LLRW disposal facility that adjoins leased 

Area C and Trench 12.  These questions pertain to the following topics. 
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� Excavation stability –Trench 12 excavation stability, as an influence on the long-term 
stability of the closed LLRW disposal cells.  (Section 7) 

� Surface-water management - Management of surface-water originating within Area C 
from the presence of operating or closed Trench 12, as an influence on the long-term 
stability of the closed LLRW disposal cells.  (Section 8) 

� Health and safety – Health and safety issues for Trench 12 construction and operations 
personnel as related to the presence the closed LLRW disposal cells, including known 
and unknown disposed materials.  (Section 9) 

� Accessibility – Access to the closed LLRW facility for inspection and custodial care, as 
affected by Trench 12 construction, disposal operations, and post-closure configuration.  
(Section 10) 
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2. FACILITY INFORMATION 

The USEN Beatty, Nevada Hazardous Waste Management Facility is located approximately 100 

miles northwest of Las Vegas in a remote and arid desert region.  The facility is operated by 

USEN under Hazardous Waste Management Permit NEV HW0019 (2005 RCRA Permit) and is 

permitted to manage wastes regulated under the Resource Conservation and Recovery Act 

(RCRA) and Toxic Substances Control Act (TSCA).  At the time of preparation of this 

Supplement to the Landfill Report, the active waste disposal trench is Trench 11.  Trench 12 is 

planned as the next waste disposal trench on the property leased by USEN from the State of 

Nevada.  The adjacent low-level radioactive waste (LLRW) management units, south of the 

Trench 12 location (as shown in Drawing NV12-07-002, CQA Plan Appendix A) has closed.  

The closed LLRW facility is owned and managed by the State of Nevada.  Post-closure care for 

the LLRW facility is provided by the State. 

The lease agreement between USEN and the State of Nevada (land owner) for the property 

occupied by the Beatty hazardous waste disposal facility was modified in April 2007 with regard 

to the requirements for waste disposal in the 12.6-acre (approximately) area identified as Area C.  

Area C is the location of new Trench 12.  The lease agreement modification identifies the entire 

12.6-acre Area C as “for the disposal of hazardous waste” and references the RCRA Permit as 

the document that establishes the requirements for waste disposal dimensions, design, 

construction, and operation.  In accordance with the provisions of the 2007 lease agreement and 

the 2005 RCRA Permit, USEN has developed the necessary Final Design and supporting 

documentation for Trench 12 in order that this information may be included in a RCRA Permit 

modification.

The Trench 12 areal footprint is approximately 11.2 acres.  The disposal trench will be 

approximately 1,350 feet long with a width that varies between approximately 225 and 430 feet.  

The trench will extend 75 feet below the original ground surface at 0.5:1.0 (Horizontal:Vertical) 

slopes, and upon completion will rise 75 feet above the original ground surface.  Trench 12 will 

have a bottom and sidewall liner system that incorporates primary and secondary liner and 

leachate collection and recovery systems.  The trench, including below-grade and above-grade 
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volumes will have an ultimate disposal capacity of approximately 1.65 million cubic yards of 

waste material. 



USEN, Beatty, NV Facility SUPPLEMENT - TRENCH 12 LANDFILL REPORT 
NEV HW0019 

073113 8 



USEN, Beatty, NV Facility SUPPLEMENT - TRENCH 12 LANDFILL REPORT 
NEV HW0019 

073113 9 

3. AREAS OF DESIGN REFINEMENT 

Table 1, Correlation Between 1996 Design Documents and 2007 Final Design Documents, 

identifies design aspects and documentation that are modified in the Final Design, and identifies 

the locations within the Supplement and its attachments where the design refinement is discussed 

and documented.  Table 1 also identifies the specific types of engineering calculations that were 

provided in support of the 1996 Design and which of those calculations has been revised to 

support the design refinements contained in the Final Design.  The specific calculations revised 

in support of the Final Design are listed below and are included in Attachment 3. 

� Slope Stability Evaluation with Surface Soil Improvement 

� Liner Stresses (sidewall liner materials) 

� Anchor Trench Stresses 

� LCRS Infiltration Rate 

� LCRS Flow Capacity and Pump Sizing 

� LDS Flow Capacity and Pump Sizing 

� LCRS Gravel Hydraulic Conductivity 
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Table 1  Correlation between 1996 Design Documents and 2007 Final Design Documents 
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4. TRENCH 12 LOCATION WITHIN LEASED PROPERTY 

During 2007, USEN renewed its lease agreement with the State of Nevada for the property 

occupied by the Beatty facility, including the 12.6-acre Area C (location of new Trench 12).  The 

terms of the new lease allow USEN to consider technically appropriate ways to effectively utilize 

the portion of its leased property between the southern limit of hazardous waste disposal in new 

Trench 12 and the northern limit of the adjoining closed LLRW disposal area. 

In the 1996 Design, a “horizontal control line” defined the limit of excavation at ground surface.  

The horizontal control line, or HCL, also defined the horizontal limit of hazardous waste disposal 

in Trench 12.  In that design, the HCL on the south side of Trench 12 was at least 150 feet from 

the horizontal limit of the closed LLRW disposal cells on the adjoining State property.  This 

separation between Trench 12 and the closed LLRW cells was consistent with the terms of the 

Area C lease agreement at the time the 1996 Design was developed.  The area of the Trench 12 

footprint at ground level (i.e., the area inside the HCL) was about 8.2 acres. 

The 2007 lease agreement did not include a specific restriction (offset) on hazardous waste 

disposal along the boundary with the LLRW disposal cells.  Instead, the 2007 lease agreement 

identifies the entire 12.6-acre Area C as “for the disposal of hazardous waste” and references the 

RCRA Permit (rather than the lease agreement) as the document that establishes the 

requirements for waste disposal dimensions, design, construction, and operation.  The Final 

Design includes an HCL that is as near as 50 feet from the horizontal limit of waste disposal in 

the LLRW cells.  The area inside this larger Trench 12 HCL, marking the excavation footprint at 

ground level, is about 11.0 acres.  The larger HCL allows placement of a larger waste volume in 

Trench 12, while providing the necessary geotechnical stability and worker protections during 

construction, disposal operations, and after closure.

The 1996 Design also included some above-grade (i.e., above natural ground level) waste 

disposal in the narrow area between Trenches 11 and 12.  The 1996 design included constructing 

a double-liner system approximately at ground level to join the Trench 11 and 12 subgrade liner 

systems.  The Final Design maintains the approximately 50-feet wide separation between the 

Trenches 11 and 12 and does not include hazardous waste disposal within the above-grade area 
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between the two trenches.  For convenience of construction and to maintain stable final cover 

slopes, the final covers of the two trenches will merge in the area between the trenches, but only 

clean cover soil will occupy the 50-feet wide area between the trenches. 

In accordance with the lease agreement, this Supplement and attachments (subsequent to NDEP 

approval) will establish the requirements for waste disposal dimensions, design, construction, 

and operation and will be referenced in a RCRA Permit modification. 
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5. CONSTRUCTION QUALITY ASSURANCE 

5.1 CONSTRUCTION QUALITY ASSURANCE PLAN 

The quality assurance/quality control (QA/QC) plan required by Compliance Schedule item 

7.12.5 of the RCRA Permit is provided as the CQA Plan in Attachment 4 to this Supplement.  

The CQA Plan provides a description of the primarily administrative aspects of quality assurance 

(e.g., project position descriptions and responsibilities, meetings, and reporting).  Appendices B 

and C to the CQA Plan provide construction materials and construction methods specifications, 

respectively. 

5.2 CONSTRUCTION MATERIALS PROPERTIES 

Compliance schedule items 7.12.2, 7.12.3, and 7.13.8 contain specific testing requirements for 

construction materials.  The results of materials testing are summarized below and the actual 

laboratory testing results are included in Attachment 1.  Also, some material testing is underway 

at the time this Supplement was being prepared for submittal to NDEP.  The results of those 

additional tests will be provided separately to NDEP on a schedule consistent with RCRA Permit 

requirements. 

5.2.1 Liner System Materials 

Compliance schedule item 7.12.3 requires that the results of “stress-strain tests on the liner 

materials” be submitted to NDEP.  On June 28, 2007, NDEP confirmed that this requirement will 

be satisfactorily addressed by including the liner material manufacturer’s quality control results 

for the various liner system components in the project design and construction documents.  

Appendix B to the CQA Plan (Attachment 4) includes specifications for liner materials based 

upon the materials properties of the following specific materials. 

Geosynthetic clay liner CETCO Bentomat DN 

Geomembrane GSE HD Textured and Single-Side Textured HDPE FML 

Geocomposite GSE FabriNet and Fabrinet UF 

Geotextile GSE NW8, NW10, and NW12 

Geonet GSE Hypernet 
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The updated liner strength calculations included in Attachment 3 to this Supplement were made 

using the properties of these specific materials.  By these calculations, it was determined that the 

liner system (and its individual members) will perform satisfactorily under the conditions 

considered by the calculations (and as demonstrated and accepted by calculations contained in 

the 1996 Design).  If alternative materials are proposed by the contractors retained by USEN to 

construct Trench 12, the Project Engineer (or other qualified person retained by USEN) will 

verify that the alternative materials have physical properties that are at least equivalent to those 

specified. 

The formal results of physical properties testing by the manufacturer(s) of materials used for 

Trench 12 liner construction will be included in the project construction documents to be 

submitted to NDEP. 

5.2.2 Liner Subgrade 

The hydraulic conductivity requirement for the liner subgrade (per Section 7.12.2 of the RCRA 

Permit) is a maximum value of 1 x 10-5 centimeters per second (cm/sec).  USEN arranged for 

hydraulic conductivity testing of natural soil materials excavated from the Trench 12 area that 

can be used for liner subgrade material.  Recompacted natural materials were determined to have 

hydraulic conductivities (see Attachment 1) between 2.6 x 10-4 and 3.9 x 10-7 cm/sec, with the 

difference appearing to relate directly to the amount of fine-grained materials (silt and clay) in 

the material.  In general, it appears that natural materials can achieve the required hydraulic 

conductivity if the fine-grained fraction comprises at least 10 percent of the material.  Since the 

gradation of the material that actually will be available for construction of the subgrade material 

is not certain, USEN is testing mixtures of natural materials and imported fine-grained materials 

(primarily from a local natural clay source) that will achieve the specification.  The final 

specification for subgrade materials will be determined upon completion of this testing.  USEN 

will provide testing results and the resulting material specification to NDEP in accordance with 

Section 7.12.2 of the RCRA Permit. 

5.2.3 Sump Gravel 

The RCRA Permit at Section 7.12.8 asks that USEN specify the gravel to be used in leachate 

sumps to obtain a “transmissivity” of 10 cm/sec.  A calculation identifying the gravel 
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“permeability” as 10 cm/sec was accepted previously by NDEP.  That gravel permeability is a 

conservative, mid-range textbook value considered typical for coarse-grained gravel and was 

used as a typical value in calculations for the 1996 Design.  Recent materials tests by USEN have 

determined that a permeability between 1.0 and 2.0 cm/sec can be achieved using screened 

gravel from the Trench 12 excavation.  This range also is conservative and is adequate to handle 

leachate flow in the LCRS and LDS systems.  A calculation included in Attachment 3 shows that 

a gravel permeability specification of 1.0 cm/sec or higher is acceptable in the design application 

for LCRS collectors and sump and LDS sump. 

Sump gravel testing results are provided in Attachment 1. 



USEN, Beatty, NV Facility SUPPLEMENT - TRENCH 12 LANDFILL REPORT 
NEV HW0019 

073113 16 

6. LEACHATE MANAGEMENT 

Leachate management calculations for the 1996 design were done with the assumption that 

runoff generated by the design storm could be separated into ‘clean water’ that would not be 

allowed to come into contact with disposed waste and ‘leachate” that would be allowed to come 

into contact with waste (including the initial layer of select fill in the definition of waste).  After 

further discussions of this subject between USEN and NDEP, it was determined that it is 

impractical (and perhaps not possible) to maintain positive separation between in-cell 

precipitation and waste inside a disposal cell containing waste.  Thus, for the purposes of the 

2007 calculation, all water collected inside a disposal cell containing waste (including select fill) 

is considered to be leachate requiring appropriate management. 

6.1 LCRS/LDS DESIGN 

The following are important details that were considered in the 2007 calculations made to refine 

the LCRS and LDS designs. 

� The 25-year, 24-hour storm generated about 2.0 inches of precipitation in a 24-hour 
period (NOAA, 1973); 

� The sacrificial liner on trench sidewalls will cause all precipitation to collect on and be 
managed from the trench/cell floor; and 

� All rainwater (or other precipitation) collected inside one or more disposal cells in 
Trench 12 (including precipitation on trench sidewalls) will be managed in the respective 
disposal cell as leachate. 

Other assumptions made to make the LCRS and LDS design calculations are provided in 

Attachment 3. 

6.2 LEACHATE MANAGEMENT 

Compliance schedule items 7.12.6 (requirement for development of a Response Action Plan, or 

RAP) and 7.12.7 (requirement to demonstrate that there is capacity to store runoff generated 

from a 25-year, 24-hour storm event) are linked requirements.  Both refer to liquids collected 

inside the waste disposal cell (i.e., leachate) that are to be addressed by the RAP and calculations 

that estimate leachate collection volume and pumping requirements.  These permit requirements 

will be addressed by RAP language describing how leachate will be managed.  
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The RAP (to be provided separately at least 60 days prior to accepting waste in Trench 12) will 

acknowledge that collected leachate will be used for dust control inside Trench 12.  If the 

collected leachate volume exceeds the volume that can be used for dust control, any excess 

leachate removed from the active cell will be disposed as a hazardous liquid. 
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7. EXCAVATION STABILITY 

The Trench 12 excavation side slopes in the 1996 Design and the Final Design are identical at 

0.5:1.0 (H:V) or about 63 degrees.  The maximum depth below average ground surface of the 

Trench 12 excavation in the two designs also is identical at approximately 75 feet.  Extensive 

slope stability evaluations were included in the 1996 Design and the supporting design 

documentation that are referenced in the RCRA Permit.  Since design slopes, depths, and 

subsurface materials are unchanged between the 1996 Design and Final Design, the prior slope 

stability evaluations are equally applicable to both designs.  Important aspects of the slope 

stability evaluations are summarized below. 

� The 75-feet deep, 0.5:1.0 (H:V) excavation slopes were determined to be acceptably 
stable under static loading and pseudo-static loading.  Pseudo-static loading simulates the 
maximum horizontal acceleration from a seismic event (earthquake) with a 90 percent or 
greater probability of not being exceeded in 250 years, per NAC 444.6793. 

� Of the possible deep-seated failure planes evaluated, the planes exhibiting the lowest 
safety factors (but still higher than minimum requirements) extended from near the toe of 
the excavation slope to about 50 to 60 feet from the excavation crest.  

� Considering the excavation crest location (i.e., HCL location) on south side of Trench 12 
in the Final Design, this possible failure plane extends just a few feet (horizontally) into 
the area of the closed LLRW trenches. 

� The period of time during which a deep-seated slope failure of this type is conceivable 
will be very brief, likely only a few months in duration, since waste disposal in Trench 12 
will begin to buttress the excavation slope, and increase safety factors, as soon as the first 
waste is placed against the toe of the south trench side slope. 

A calculation verifying acceptable excavation slope stability with the natural, relatively loose 
surface soil layer in place (and unimproved) are provided in Attachment 3. 
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8. SURFACE-WATER MANAGEMENT 

8.1 DURING OPERATIONS 

The 1996 Design and Final Design include measures to manage stormwater runoff during 

disposal operations and after final closure.  During disposal operations, these measures will 

include temporary berms and drainage channels directing runoff to natural or enhanced drainage 

channels outside of the facility boundaries.  With the exception of the disposal cell bottoms, 

neither design includes features intended to cause stormwater retention (ponding) inside or 

outside the facility boundaries. 

Stormwater falling inside the trench during disposal operations will be managed as leachate.  

There are no situations where leachate would be allowed to enter surface water outside the 

trench. 

8.2 POST-CLOSURE

With regard to post-closure surface-water management, the 1996 Design and Final Design 

include final covers that essentially are identical.  Both final cover designs will incorporate 

measures intended to manage stormwater runoff from the cover and control cover material 

erosion.  Stormwater runoff conveyances constructed on both covers lead to stormwater channels 

along the base of the cover that lead to natural or enhanced drainage channels outside of the 

facility boundaries.

The Final Design will include a corridor about 15-feet wide between the toe of the final 

Trench 12 cover and the toe of the closed LLRW site cover that will provide for permanent 

routing of surface-water runoff originating on the adjoining portions of Trench 12 and the closed 

LLRW site. 
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9. CONSTRUCTION HEALTH AND SAFETY 

The RCRA Permit includes requirements whose primary purpose is to protect persons involved 

in the construction of Trench 12.  In addition to providing protection against conditions and 

hazards associated with excavation, earthwork, and other common construction activities that 

will be required for Trench 12 construction, these RCRA Permit requirements address potential 

unique hazards that might be associated with construction near the closed LLRW disposal area.  

These Permit requirements include a pre-construction magnetic (geophysical) survey of Area C 

and development of a Construction Health and Safety Plan. 

9.1 MAGNETIC (GEOPHYSICAL) SURVEY 

A geophysical survey of Area C (except for the part of the area already excavated to more than 

20 feet deep) was completed during the design process.  The survey purpose was to identify 

buried metallic objects potentially related to the closed LLRW area.  Features identified as 

possible buried metallic objects were exposed by excavation to determine their nature and 

appropriate management action.   

No materials, metallic or otherwise, related to previous waste disposal activities in the LLRW 

area were identified by the geophysical survey.  The metallic objects identified and exposed by 

excavation, with one exception, were small objects related to USEN use of Area C for temporary 

storage of construction materials, construction equipment, and scrap metal.  The exception was 

the identification of a buried metal pipe (caisson casing) installed by the U.S. Geological Survey.  

That large metallic caisson casing was identified at the expected location.  It is an object related 

to past investigation of the LLRW area, and is not a waste material.  It will be removed by USEN 

during Trench 12 excavation. 

The report of the geophysical survey is provided in Attachment 2. 

9.2 CONSTRUCTION HEALTH AND SAFETY PLAN 

Prior to the beginning of Trench 12 excavation, a Construction Health and Safety Plan (CHSP) 

will be prepared and submitted to NDEP.  This CHSP will be implemented during construction 

activities and will remain in effect during subsurface disposal activities in Trench 12.  The CHSP 
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will specifically address monitoring for radioactive decay particles within the excavation, 

guidelines to be followed if suspected materials of potential radiological significance are 

unearthed, and measures to be employed preventing impacts to existing radiological disposal 

trenches. 
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10. SITE ACCESSIBILITY 

Trench 12 construction under the Final Design is not expected to have any effect on the LLRW 

area south of the fence marking the boundary between that area and Area C.  Access along the 

south side of Trench 12 will be temporarily limited during trench excavation and liner 

construction.  Passenger vehicle, light truck, or personnel access to the perimeter of Area C and 

the adjoining LLRW area will not be prevented by Trench 12 operation (except as access to all 

areas of the hazardous waste disposal facility is carefully controlled by USEN).  

The interior fence between Area C and the LLRW area might be temporarily removed during 

Trench 12 construction.  Security for Area C and the remainder of the USEN facility and for the 

LLRW area will be maintained during Trench 12 construction by a combination of permanent 

and temporarily relocated perimeter fencing and the presence of USEN and security service 

personnel.

In the Final Design, a corridor that is about 15-feet wide will remain between the toe of the final 

Trench 12 cover and the toe of the LLRW area cover.  This dimension is sufficient for vehicular 

access along the boundary between the LLRW site and Area C, and also is sufficient for 

permanent routing of surface-water runoff originating on the adjoining portions of both sites. 
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ATTACHMENT 1 

TRENCH 12 SOIL TESTING RESULTS 
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ATTACHMENT 2 

RESULTS OF GEOPHYSICAL SURVEY OF TRENCH 12 AREA 



1990 S. Garrison Street, Suite #2 
Lakewood, CO  80227 Zonge

Geosciences, Inc. 
Phone: (720) 962-4444 

Fax: 720-962-0417 
zongecolo@zonge.com

July 23, 2007 

Chris Bolin 
Steve Wampler 
AquAeTer, Inc. 
7340 East Caley Avenue 
Suite 200 
Centennial, CO 80111 
303-771-9150

Subject: Geophysical Investigation at the US Ecology Nevada facility, Beatty, NV 

This letter represents the final report for the geophysical investigation conducted at the US 
Ecology Nevada facility near Beatty, NV (see Figure 1).  The work was performed under a 
contract agreement between AquAeTer, Inc. and Zonge Geosciences, Inc. (Zonge).  Geophysical 
data were collected from July 9th to July 11th, 2007.  The report is composed of two sections, an 
Objective/Scope of Work section and Results section.  Figures are presented at the end of the 
report.

Objective/Scope of Work 
The objective of the geophysical investigation was to detect any buried metallic objects that may 
be related to burial pits, trenches or 55-gallon drums.  To meet the project objective two 
geophysical methods were employed: time-domain electromagnetics (TDEM) and magnetics.  
Zonge utilized the Geonics EM61-MK2 high-sensitivity metal detector for the TDEM field 
surveys and the Geometrics G858 total-field magnetometer. 

The EM61-MK2 (pictured at right) is a high 
resolution metal detector, capable of detecting 
buried ferrous and non-ferrous (e.g., iron and 
aluminum, respectively) metallic objects.  The 
system is comprised of two 1 by ½ meter coils 
mounted one over the other.  The lower coil 
contains a transmitter and a receiver, and the 
upper coil is strictly a receiver coil.  The lower 
coil is positioned approximately 16 inches off 
the ground while the top coil is placed an 
additional 12 inches above the lower coil. 

Zonge Project #07103 1 July 23, 2007



The EM61-MK2 can detect very small metallic objects (e.g., cans, small rebar, etc.), and the 
occurrence of a large amount of surface metal debris will likely screen the response from a 
deeper metal object or target.  Depth of investigation is target and soil dependent.  Larger items 
may be detected at greater depths (i.e., 55 gallon drums may be detected to depths up to 10 feet 
below the surface per the manufacturers specifications) while smaller items (pliers, hammer, 
etc.) may not be detected beyond 12 inches beneath the surface. 

The G858 (pictured at left) measures the earth’s total 
magnetic field and the superposition of the magnetic 
field associated with ferrous objects.  The detection 
capability depends on the size and ferrous content of 
the causative body but a 55-gallon drum may easily 
be detected at a depth of 15 feet if interference due to 
other bodies or buildings is minimal.  Barrows and 
Rocchio (1980) indicate that a 55-gallon drum in a 
horizontal position and located 11 feet away from the 
sensor will have a total response of 80nT and an 
areal extent of more than 25 feet.  This article was 
obtained from the Geometrics website 
(www.geomterics.com) on August 2, 2007 and has 

been included in the appendices.  Although the authors report that a 55-gallon drum would be 
easily detectable at 11 feet from the sensor, actual detection capabilities will vary depending on 
local site conditions.  The magnetic sensor was placed approximately 2-3 feet off the ground for 
this survey.  A magnetic base station was not used for this survey. 

Both geophysical instruments were coupled with a Real Time Kinematic (RTK) Global 
Positioning System (GPS) for data positioning.  With proper satellite coverage and data 
acquisition, data may be positioned to within ±15cm of their true location. 

Data were collected with the G858 and the EM61-MK2 at 10 readings per second.  At a walking 
speed of 2-3 miles per hour this results in a recorded data value every 0.3 to 0.4 feet.  A 5-6 foot 
line spacing was used for both systems. 

For more information regarding the methodology and operation of these instruments please refer 
to the attached appendices.

Results
The G858 magnetometer was the primary geophysical tool used for the survey because of its 
ability to detect metallic debris to greater depths than the EM61-MK2.  The EM61-MK2 was 
used in areas where above ground metallic cultural features negatively impacted the magnetic 
data.  These areas included along the chain link fence and office buildings.  Figure 2 shows a 
plan view of the facility.  Areas surveyed with each instrument have been identified and plotted 
on Figure 2.  Approximately 8.5 acres of geophysical data were collected. 
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Figure 3 shows the resulting magnetic data collected at the facility while the EM61-MK2 data 
are shown in Figure 4.  Data are displayed using local coordinate system supplied by AquAeTer.  
Items to note regarding both the magnetic and EM61-MK2 data collection include: 

1. The metal fence located along the northern, western, and southern border is visible in 
both the magnetic and EM data and may conceal anomalies of interest in close proximity 
to the fence (< 5feet); 

2. EM61-MK2 data were only collected in areas where cultural features influenced the 
magnetic data; 

3. Magnetic data were not collected in the building area due to the large number of cultural 
features present; 

4. Areas selected for investigation have been outlined with solid lines and are listed in Table 
2 for reference; 

5. Anomalous areas were identified as those that had the highest chance of containing 55-
gallon drums or similar objects; 

6. An additional column in Table 2 identifies the probability that selected anomalies are the 
result of 55 gallon drums or burial trenches. 

7. Anomalous areas with an areal extent with a diameter greater than 15 feet are identified 
with a 2, those that are smaller are identified with a 1.  Anomalous areas that are 
interpreted to be trenches are identified with a 3. 

8. There is no indication of buried trenches containing metallic debris in the geophysical 
data.

9. Depth estimates for detected anomalies were not made. 

Table 1 lists the coordinates used to reference the anomalous zones to a local coordinate system.  
The point used for the GPS base station is also listed. 

Table 1 – Coordinates of fence posts and GPS base station 

ID 
State Plane Coordinate 
(Nevada Central)(feet) Local (feet) 

X Y X Y
NW Fence Corner 1631907.6 20420109.1 10003.7 9997.5 
SW Fence Corner 1631904.7 20419629.6 10002.4 9519.0 
GPS Base 1633094.3 20420107.6 11187.9 10000.1 

Twenty-eight (28) areas were marked out in the field and are shown on Figures 2 and 3 with a 
solid line.  The coordinates of the polygons drawn around each area are presented in Table 2 in 
both a local coordinate system using the northwest corner fencepost as the origin and also in 
WGS84/State Plane Nevada Central Zone coordinates in feet.  As listed in Table 2 nine (9) 
anomalies have the areal extent that may be expected for a 55-gallon drum.   

All but one of the anomalies (#10) are more than likely the result of single metallic objects.  This 
interpretation is based on the areal extent, magnitude, and shape of the anomaly.  Anomaly #10 
appears to be the result of multiple metallic objects based on the multiple dipolar features in this 
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area.  As discussed with Bob Marchand of US Ecology Nevada, anomaly #1 is likely the result 
of a caisson buried by the United States Geological Survey (USGS).   

It is Zonge’s recommendation that a hand held metal detector (i.e. Schonstedt or similar 
instrument) be used to aid the anomaly excavation.  The hand held instrument will allow the 
excavation team to determine if the metallic object is still buried deeper or has been removed 
during the digging.

As stated previously depth estimates were not made from the geophysical data.  Anomaly 
signatures will vary depending upon local site conditions.  A local test plot that contained 
multiple 55-gallon drums at varying depths may have provided enough information to make 
estimates of anomaly depths.  Although helpful it would not have constrained the depth estimates 
to any value closer than ±50% of the estimated depth. 

Conclusions
Data were collected using both the EM61-MK2 and G858 magnetometer.  The geophysical data 
were successful at identifying subsurface metallic debris at 28 locations.  These anomalous zones 
have been labeled 1 through 28 and marked on Figures 3 and 4.   

If you have any questions regarding the objective, field methods including acquisition and 
processing, please do not hesitate to contact me.  We appreciate the opportunity to work with you 
and hope the geophysical investigation will aid in your assessment of the site.  

Respectfully, 

Todd Meglich 
Senior Geophysicist 
Zonge Geosciences, Inc. 
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36°46’07.22” N 
116°41’30.22” W 

N

10 mi 
Figure 1 - Survey area (marked with yellow X) located along Highway 95, southeast of Beatty, NV 

(maps.google.com, retrieved July 19, 2007) 
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Table 2 - Coordinates of anomalous areas 

Anomaly 

State Plane Coordinate 
(Nevada Central)(feet) Local Coordinate (feet) Identifier 

X (East) Y (North) X (East) Y (North) 
1 = diameter < drum 
2 = diameter => drum 
3 = trench 

1

1632643 20419737 10739 9629 

2

1632636 20419734 10732 9625 

1632634 20419731 10730 9622 

1632635 20419727 10730 9618 

1632638 20419723 10734 9615 

1632645 20419719 10741 9611 

1632652 20419719 10748 9610 

1632657 20419721 10752 9612 

1632658 20419724 10754 9616 

1632658 20419728 10754 9620 

1632657 20419733 10752 9624 

1632651 20419737 10747 9628 

1632645 20419737 10741 9629 

2

1632510 20419704 10606 9596 

2

1632507 20419704 10603 9596 
1632504 20419701 10600 9593 
1632503 20419697 10599 9588 
1632506 20419695 10602 9587 
1632509 20419697 10605 9588 
1632511 20419701 10607 9592 
1632510 20419703 10607 9594 

3

1632696 20419773 10791 9665 

2

1632694 20419767 10789 9658 
1632696 20419763 10792 9655 
1632701 20419763 10796 9655 
1632703 20419769 10798 9661 
1632702 20419774 10798 9666 
1632698 20419774 10793 9666 

4

1632702 20419840 10797 9731 

1

1632700 20419837 10795 9729 

1632701 20419834 10796 9726 

1632704 20419833 10799 9725 

1632705 20419836 10800 9728 

1632705 20419839 10800 9731 
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Anomaly 

State Plane Coordinate 
(Nevada Central)(feet) Local Coordinate (feet) Identifier 

X (East) Y (North) X (East) Y (North) 
1 = diameter < drum 
2 = diameter => drum 
3 = trench 

5

1632800 20419892 10895 9784 

2

1632795 20419889 10890 9781 
1632794 20419884 10889 9776 
1632797 20419882 10892 9774 
1632801 20419882 10896 9774 
1632804 20419884 10899 9776 
1632805 20419889 10900 9781 
1632803 20419892 10898 9784 

6

1632822 20419845 10917 9737 

1

1632820 20419845 10915 9737 
1632818 20419842 10913 9734 
1632820 20419841 10915 9733 
1632822 20419842 10917 9734 
1632823 20419845 10918 9737 

7

1632869 20419890 10964 9782 

2

1632864 20419898 10958 9790 
1632854 20419894 10949 9787 
1632853 20419883 10948 9775 
1632859 20419880 10954 9772 
1632870 20419882 10965 9774 

8

1632790 20420004 10885 9895 

2

1632786 20420001 10881 9893 
1632784 20419996 10878 9887 
1632786 20419994 10881 9886 
1632790 20419994 10885 9886 
1632792 20419998 10887 9890 
1632792 20420001 10887 9893 

9

1632793 20420045 10887 9937 

1

1632791 20420047 10886 9939 
1632788 20420046 10882 9938 
1632788 20420042 10882 9933 
1632791 20420040 10886 9932 
1632793 20420042 10887 9933 
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Anomaly 

State Plane Coordinate 
(Nevada Central)(feet) Local Coordinate (feet) Identifier 

X (East) Y (North) X (East) Y (North) 
1 = diameter < drum 
2 = diameter => drum 
3 = trench 

10 

1632711 20419944 10806 9836 

2

1632715 20419941 10810 9833 
1632724 20419944 10819 9836 
1632730 20419948 10825 9840 
1632729 20419951 10824 9843 
1632729 20419955 10823 9846 
1632725 20419958 10820 9850 
1632719 20419962 10814 9853 
1632715 20419962 10810 9853 
1632712 20419959 10807 9851 
1632708 20419954 10803 9845 
1632708 20419950 10803 9842 
1632708 20419947 10803 9839 

11 

1632713 20419981 10808 9872 

1

1632706 20419979 10801 9870 
1632706 20419975 10801 9867 
1632710 20419972 10804 9864 
1632714 20419974 10809 9865 
1632716 20419976 10811 9868 
1632714 20419980 10809 9872 

12 

1632690 20419966 10785 9858 

1

1632690 20419969 10784 9860 
1632688 20419968 10783 9860 
1632687 20419967 10782 9858 
1632687 20419965 10782 9856 
1632690 20419965 10785 9856 
1632691 20419966 10786 9857 

13 

1632703 20419901 10798 9793 

1

1632697 20419905 10792 9797 
1632691 20419905 10787 9796 
1632689 20419897 10784 9789 
1632691 20419895 10786 9786 
1632696 20419892 10791 9784 
1632701 20419897 10797 9788 
1632702 20419899 10797 9790 
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Anomaly 

State Plane Coordinate 
(Nevada Central)(feet) Local Coordinate (feet) Identifier 

X (East) Y (North) X (East) Y (North) 

1 = diameter < drum 
2 = diameter => drum 
3 = trench 

14 

1632669 20419937 10764 9829 

1

1632665 20419937 10760 9828 
1632664 20419935 10759 9827 
1632664 20419932 10760 9824 
1632668 20419932 10763 9824 
1632670 20419934 10765 9826 

15 

1632657 20419955 10752 9846 

1

1632656 20419952 10751 9843 
1632659 20419951 10754 9842 
1632665 20419951 10760 9843 
1632664 20419954 10759 9846 
1632660 20419957 10755 9848 

16 

1632707 20419936 10802 9828 

11632704 20419937 10799 9829 
1632703 20419934 10798 9826 
1632706 20419935 10801 9826 

17 

1632686 20419931 10781 9822 

1

1632685 20419932 10780 9824 
1632682 20419932 10777 9824 
1632682 20419929 10777 9821 
1632682 20419929 10778 9820 
1632685 20419929 10780 9820 

18 

1632636 20420004 10731 9895 

1

1632638 20420006 10732 9897 
1632636 20420008 10730 9899 
1632633 20420007 10728 9898 
1632633 20420004 10728 9896 
1632635 20420004 10730 9895 

19 

1632615 20419979 10710 9870 

1

1632618 20419983 10713 9874 
1632616 20419985 10711 9876 
1632614 20419986 10709 9877 
1632612 20419985 10707 9876 
1632610 20419983 10705 9874 
1632610 20419981 10705 9872 
1632614 20419979 10709 9870 
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Anomaly 

State Plane Coordinate 
(Nevada Central)(feet) Local Coordinate (feet) Identifier 

X (East) Y (North) X (East) Y (North) 

1 = diameter < drum 
2 = diameter => drum 
3 = trench 

20 

1632672 20419988 10766 9880 

1

1632668 20419990 10763 9881 
1632664 20419989 10758 9881 
1632663 20419987 10758 9879 
1632662 20419985 10757 9876 
1632664 20419984 10759 9875 
1632669 20419984 10764 9875 
1632671 20419985 10766 9876 
1632671 20419987 10766 9878 

21 

1632699 20420012 10793 9904 

1

1632695 20420013 10790 9905 
1632692 20420013 10786 9904 
1632691 20420011 10785 9902 
1632692 20420009 10787 9901 
1632697 20420010 10791 9901 
1632699 20420010 10793 9902 

22 

1633078 20419891 11173 9784 

1

1633077 20419889 11171 9782 
1633077 20419887 11171 9780 
1633080 20419885 11175 9778 
1633082 20419885 11177 9778 
1633083 20419888 11178 9781 
1633083 20419889 11177 9782 
1633080 20419891 11175 9784 
1633079 20419891 11174 9784 

23 

1633010 20419834 11105 9727 

2

1633010 20419836 11104 9729 
1633007 20419837 11102 9730 
1633005 20419837 11100 9730 
1633003 20419836 11097 9729 
1633000 20419833 11095 9726 
1633002 20419830 11097 9723 
1633006 20419830 11101 9723 
1633010 20419833 11104 9726 
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Anomaly 

State Plane Coordinate 
(Nevada Central)(feet) Local Coordinate (feet) Identifier 

X (East) Y (North) X (East) Y (North) 

1 = diameter < drum 
2 = diameter => drum 
3 = trench 

24 

1632998 20419949 11092 9842 

1

1632994 20419952 11088 9845 
1632992 20419951 11086 9844 
1632991 20419948 11086 9841 
1632993 20419945 11087 9838 
1632998 20419945 11093 9837 

1632999 20419947 11093 9839 

25 

1632941 20419892 11035 9784 

1

1632938 20419894 11033 9787 
1632935 20419894 11030 9786 
1632933 20419892 11028 9785 
1632935 20419890 11029 9782 
1632937 20419889 11032 9781 
1632940 20419889 11034 9781 
1632941 20419890 11035 9783 

26 

1632901 20419902 10995 9795 

2

1632899 20419905 10994 9797 
1632896 20419905 10991 9797 
1632895 20419902 10990 9795 
1632897 20419901 10992 9793 
1632900 20419900 10995 9793 

27 

1632321 20419676 10417 9567 

1

1632318 20419677 10415 9568 
1632317 20419676 10413 9567 
1632317 20419675 10414 9565 
1632319 20419674 10416 9565 

1632320 20419675 10417 9566 

28 

1632861 20419851 10956 9741 

1

1632858 20419849 10953 9740 

1632858 20419846 10953 9737 

1632860 20419845 10955 9735 

1632864 20419846 10959 9737 

1632864 20419849 10959 9740 
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TIME DOMAIN ELECTROMAGNETICS 
THE GEONICS EM61-MK2 

Basic Methodology and Instrument Design 
In order to generate EM fields, electrical current 
is passed through the lower coil and then turned 
off.  After a short period of time the current is 
turned on again and the process repeated at 75 
Hz.  Turning on or off the current creates a 
changing EM field, and this forms the basis of 
the method.  

When a changing EM field penetrates an object 
that conducts electricity, secondary electrical 
currents are induced to flow in the conductor.  
These currents then generate secondary changing 
EM fields that can be detected by a coil.  These 
secondary EM fields are detected while the 
transmitter current is off.  Secondary currents in 
highly conductive objects take longer to decay 
than do those in less conductive objects.  Thus, 
the decay curves due to the conductivity of the 
ground decay relatively fast compared to those 
from metal objects.  When no metal is present, a 
low-level or constant signal is received.  An 
increased signal is received when metal is 
present.  This signal is generally highest when 
the coils are located directly over the object, 
resulting in “bulls-eye” type anomalies for 
isolated metal objects and simplifies data 
analysis.

The EM61-MK2 uses electromagnetic (EM) 
fields (also called EM waves) to detect buried 
metallic objects.  The instrument has two 
rectangular coils, 1.0 by 0.5 meters in size, 
mounted one above the other as shown in the 
figure on the right.  The lower coil is the 
transmitter and also acts as a receiver and the 
upper coil is a receiver only.  The instrument 
uses EM fields to locate buried metal, therefore 
any metal that conducts electrical current can be 
detected, including both ferrous and non-ferrous 
metal. 

The EM61-MK2 allows the measurement of the 
secondary EM fields at certain times after the 
transmitter current has been turned off.  These 
times are often called data channels, or time 
gates.  These time gates are centered at 
approximately 216, 366, 660 and 1266 
microseconds after the current has been turned 

off.  The top coil measures the secondary EM 
field 660 microseconds.  The instrument 
provides the option to either measure all four 
times from the lower coil or the earliest three 
times from the lower coil and one reading from 
the top coil. 

Field Data Recording 
Data positioning may be accomplished using 
three different methods.  The most accurate 
method of positioning the data involves the 
coupling of Global Positioning System (GPS) 
data with the geophysical data.  GPS data is 
streamed directly into the recording console and 
merged with the geophysical data.  Positioning 
of the data with GPS may result in a horizontal 
positional resolution of <5 cm.  When using GPS 
for positioning, data are collected at user defined 
time intervals.  The EM61-MK2 has the ability 
to collect up to 10 data points per second. 

The other two methods are not as accurate and 
require additional work prior to surveying.  One 
method uses an optical encoder housed in a 
single wheel of EM61.  This method uses a 
predefined distance (rotation of the wheel) to 
collect data.  Data collected in this manner 
normally have nominal along line-spacing of 
0.63 feet.  The final method allows for the 
collection of more data along the survey line but 
requires open areas for accurate positioning.  
This last method collects at user defined time 
intervals.  This is the same mode of data 
collection as with GPS.  During data acquisition 
marks are placed in the data.  These marks are 
referenced to the survey grid and used to position 
the data during processing. 



MAGNETIC SURVEYS 
Introduction Magnetic surveys are conducted to 
evaluate geology, locate lava tubes in igneous rocks, 
find buried metal such as Underground Storage 
Tanks (UST) and pipelines and to locate Unexploded 
Ordnance (UXO). 

The depth of investigation varies widely, depending 
on the target.  Geologic structure can be determined 
to depths of many thousands of feet. UST’s, pipelines 
and UXO targets are usually shallow. The method 
will probably only locate shallow lava tubes. 

Basic Principles of the Magnetic Method 
The magnetic field of the earth is a vector quantity 
and has, therefore, a direction and a magnitude. The 
shape of this field is that which would be produced if 
a large magnet were placed inside the Earth. 
Superimposed on this field are time varying 
fluctuations resulting from electrical activity in the 
ionosphere, usually caused by solar flares.   

The Earth’s magnetic field induces a secondary 
magnetic field in ferromagnetic objects, or geological 
structure that contains magnetite or other minerals 
that are magnetizable. This secondary magnetic field 
then “disturbs” the magnetic field of the earth 
creating an anomaly that can be detected with a 
magnetometer. Most magnetometers measure the 
magnitude of the magnetic field and can do so several 
times per second.  

Figure 1 presents a schematic illustrating the 
magnetic field from a cylindrical ferromagnetic 
object.  In this picture the Earth’s field magnitude has 
been removed leaving only the magnitude of the field 
due to the ferromagnetic cylinder, often called the 
magnitude of the anomalous field. 

Because the magnitude Earth’s magnetic field 
changes with time, generally with daily cycles, called 
Diurnal changes, these changes have to be removed 
from the field data.  In order to do this a base station 
is usually set up at a site near the survey area where 
magnetic anomalies are minimal.  This instrument 
then records the magnitude of the magnetic field at 
regular intervals throughout the duration of the 
survey. This allows the diurnal variations in the 
magnetic field to be removed from the survey data 
during processing. 

In addition to induced magnetization, remnant 
magnetization can also produce anomalies.  Remnant 
magnetization occurs in geologic materials, usually 
volcanic and igneous rocks, which originate as hot 

Figure 1 
The Magnitude of the anomalous magnetic field 
created by a ferromagnetic cylinder in the presence 
of the Earth’s field. 

fluid lava and then cool before eventually solidifying.  
When the lava, or igneous material, cools below a 
temperature called the Curie point, the magnetic 
domains in the rock (usually magnetite) are oriented 
in the direction of the existing magnetic field at that 
time.  Since the direction of the Earth’s magnetic 
field changes over geologic time, the Remnant 
magnetic field can have a direction that is different 
from that produced by induction with the present 
Earth’s magnetic field. 

Field Data Recording
Magnetic surveys are conducted by first setting up a 
base station, as described above. The survey is then 
conducted by walking across the area of interest 
while the magnetometer records data, usually at 
several times per second.  The data is stored in solid 
state memory in the instrument. In order to position 
the data, some magnetometers can be assembled with 
differential Global Positioning Systems (DGPS) 
allowing the spatial coordinates to be acquired 
simultaneously with the magnetic data. Conventional, 
or GPS, surveying of the ends of the lines may be 
required if DGPS data is not acquired with the 
magnetometer data.  Linear interpolation methods 
can then be used to assign spatial coordinates to the 
data.   



Interpretation
Magnetic data can be interpreted using computer 
software to model the anomalies. Generally, an initial 
model is developed for the source of the anomaly and 
the program then calculates the anomaly resulting 
from this source.  The program then modifies the 
depth and geometry of the source and recalculates the 
anomaly.  It does this until a reasonable fit is 
obtained between the field and model data.  This 
process is called inversion. 

Another interpretation method is to calculate a 
function called the Analytic Signal from the field 
data. Figure 2 illustrates this function for a cylindrical 
source along with the magnitude of the field 
(Anomaly Magnitude). Since the Analytic Signal 
peaks over the top of the source, the location of the 
source is easier to position than it is from the 
anomaly magnitude data.  In addition, the amplitude 
of the Analytic Signal is related to the susceptibility 
of the source and the width is related to the depth to 
the top of the source. 

Figure 2 
Anomaly magnitude and Analytic Signal over a 
ferromagnetic object. 

Method Limitations 
The magnetic method only detects objects composed 
of ferromagnetic materials, and not metals such as 
copper or aluminum. In interpreting magnetic data 
for geologic targets, there are generally several 
different solutions that can provide a theoretical fit of 
the field and model data, therefore each interpreted 
source is not necessarily unique.  Such an 
interpretation is often called a “permissive” 
interpretation.  This means that it is a valid 

theoretical interpretation but may be one of several 
possibilities.  Non unique interpretations are not a 
concern when searching for buried ferromagnetic 
objects.

During severe magnetic storms, when the time 
varying magnetic field changes are significant, it may 
not be feasible to record field data. 



Reprinted from
the Summer 1990 Issue of Ground Water Monitoring Review

Magnetic Surveying for Buried Metallic

Objects

by Larry Barrows and Judith E. Rocchio

Abstract
Field tests were conducted to determine representative total-intensity magnetic anomalies due to the presence

of underground storage tanks and 55-gallon steel drums. Three different drums were suspended from a non-magnetic
tripod and the underlying field surveyed with each drum in an upright and a flipped plus rotated orientation. At
drum-to-sensor separations of 11 feet, the anomalies had peak values of around 50 gammas and half-widths about
equal to the drum-to-sensor separation. Remanent and induced magnetizations were comparable; crushing one of
the drums significantly reduced both. A profile over a single underground storage tank had a 1000-gamma anomaly,
which was similar to the modeled anomaly due to an infinitely long cylinder horizontally magnetized perpendicular
to its axis. A profile over two adjacent tanks had a. smooth 350-gamma single-peak anomaly even though models
of two tanks produced dual-peaked anomalies. Demagnetization could explain why crushing a drum reduced its
induced magnetization and why two adjacent tanks produced a single-peak anomaly.

A 40-acre abandoned landfill was surveyed on a 50- by 100-foot rectangular grid and along several detailed
profiles; The observed field had broad positive and negative anomalies that were similar to modeled anomalies due
to thickness variations in a layer of uniformly magnetized material. It was not comparable to the anomalies due to
induced magnetization in multiple, randomly located, randomly sized, independent spheres, suggesting that demagne-
tization may have limited the effective susceptibility of the landfill material. A different 6-acre site survey conducted
on a 10- by 10-foot grid was analyzed to determine the maximum station spacing and line separation that could
have been used. Essentially, all of the anomalies at this site would have been resolved by a survey conducted on a
20- by 20-foot grid and the larger anomalies would have been detected by a 50- by 50-foot grid.

Introduction

Magnetic surveys have traditionally been used by
geologists to locate changes in rock type such as might
be associated with ore bodies, fault contacts, or igneous
intrusives. Another common application is determining
the probable depth to basement beneath sedimentary
rocks. For these applications, the principal geologic vari-
able is the distribution of ferromagnetic minerals,
mainly magnetite, within the earth. The theory and sur-
vey procedures are described in a variety of references
(e.g., Grant and West 1965, S.E.G. 1966, Parasins 1975,
Nettleton 1976, Telford and others 1977, Robinson and
Coruh 1988). A particularly concise review of surveying
with portable magnetometers is given by Breiner (1973).

Magnetic surveys are used in hazardous waste site
investigations to locate 55-gallon drums, underground
storage tanks, buried pipes, and the edges of covered
landfills. These applications usually involve shallow iron
or steel objects, which influence the way the surveys
should be conducted and interpreted. Tyagi and others
(1983) describe controlled field tests in which single
drums and clusters of drums were buried at various
depths. The test site was. then surveyed with a variety

of geophysical instruments including a total intensity
magnetometer. They found the magnetic detection limit
for a single drum was 6 to 11 feet below the surface and
that the boundaries of a dump site containing steel
drums can be easily determined. Gilkeson and others
(1986) describe a magnetic survey of a series of landfill
trenches that had been used to dispose of steel drums.
They found a distinctive pattern of magnetic highs over
the trenches and lows over the intertrench corridors.
They noted that these signals were similar to the calcu-
lated magnetic anomalies due to infinitely long rectan-
gular bodies having dimensions comparable to the
trenches and a magnetic susceptibility of k = 0.1. As
explained later, a susceptibility of this magnitude is
expected for a mass containing many disseminated
ferrous metal objects. Frischknecht and others (1985)
and Jachens and others (1986) describe field tests and
models that demonstrate the use of magnetic surveys
to locate covered abandoned well casings. This applica-
tion is important because abandoned wells are potential
pathways for the vertical migration of contaminated
ground water. They found strong positive anomalies
over the wells that closely resemble models of simple
magnetic dipoles having the positive pole at the top of



the casing and the negative pole at its base.
In this paper, the theory behind magnetic surveying

is briefly reviewed and the field tests conducted to deter-
mine the total-intensity magnetic anomalies due to 55-
gallon steel drums and underground storage tanks are
briefly described. The anomalies due to the three drums
tested had peak amplitudes of around 50 gammas and
half-widths approximately equal to the 11-foot separa-
tion between the drum and the magnetometer sensor.
The half-width is the distance between the two sides of
an anomaly at intensities of one-half of its peak value.
These anomalies were similar to those due to isolated
dipoles but in addition to the magnetization induced by
the earth's ambient field, both remanent magnetization
and demagnetization seemed to affect the signals.
Remanent magnetization is a permanent magnetization
that is independent of the ambient field. Demagnetiza-
tion is a limit on the strength of induced magnetization
within an object imposed by the internal field due to
the object itself. The surveyed anomaly due to one
underground storage tank was similar to that due to an
infinitely long cylinder magnetized perpendicular to its
axis. However, the anomaly due to two adjacent tanks
also resembled that of a single body. Again, remanent
magnetization and demagnetization are thought to
affect these signals. If the results described herein are
representative, then the strengths of anomalies due to
drums and tanks may depend more on their volume
than on their metal content. Also, it may be difficult to
infer from the shape of a magnetic anomaly the exact .
location and nature of the causative body. Demagnetiza-
tion may also influence the magnetic signals from land-
fills containing many metal objects. One site survey is
described in which the total-intensity field resembled
that due to a uniformly magnetized layer of varying
thickness but did not resemble that due to an assem-
bledge of magnetically independent objects. One impli-
cation is that magnetic surveys may not be able to locate
concentrations of metal objects, such as drums, within
a landfill. Another is that successful landfill surveys may
be conducted on a relatively coarse station grid. The
data from a second survey conducted on a 10- by 10-
foot square grid were analyzed to determine the maxi-
mum station spacing that could have been used. For
this particular site, essentially all of the signal would
have been resolved with stations on a 20- by 20-foot
grid and the stronger anomalies would have been
detected on a 50- by 50-foot grid.

Theory
The Geomagnetic Environment

The signals in a magnetic survey are partially the
result of, and strongly influenced by, the ambient mag-
netic field of the earth. As a first approximation this
geomagnetic field resembles that due to a single axial
dipole whose negative or south magnetic pole is toward
the geographic north pole. The strength of this field
varies from 60,000 gammas near the poles, where it
plunges vertically into the ground, to 25,000 gammas
near the equator where it parallels the earth's surface.
In any particular region the ambient field is described

by its intensity, inclination (or angle to the horizontal),
and declination (or angle to geographic north). Breiner
(1973) includes large-scale maps of these parameters
for the continental United States. Fabino and others
(1979) give more detailed maps.

The geomagnetic field is not constant both in the
sense of diurnal variations of several tens of gammas
and occasional periods of rapid, irregular, transient
variations (magnetic storms). The diurnal variations can
be removed from survey data by drift corrections based
on either regular base station ties or the record from a
fixed base-station magnetometer. Magnetic storms vary
in intensity and can make surveying impractical. The
Space Environment Services Division of the National
Oceanic and Atmospheric Administration provides
recorded information on the current level of these fluc-
tuations (telephone number (303) 497-3235) and a fore-
cast of the projected level for the next five days (tele-
phone number (303) 497-3171). It is normally desirable
to know the condition of the earth's field during each
day of a field survey.

Magnetic Anomalies
Following Telford and others (1976, p. 111, Equation

3.11), the magnetic field at an external point (f, due to
a magnetized body can be expressed as:

volume

where: is a position vector within the body,
is the gradient operator,

is the distance between the external
point and position within the body,
• indicates the vector dot product, and

is the net magnetization per unit volume.
The net magnetization is the vector sum of induced

plus remanent magnetizations. Remanent magnetiza-
tion is a permanent magnetic moment per unit volume
and induced magnetization is temporary magnetization
that disappears if the material is not in a magnetic field.
Generally, the induced magnetization is parallel with
and proportional to the inducing field. Algorithms for
calculating the magnetic fields due to uniformly magne-
tized, simple geometric shapes are given in several texts
(e.g., Grant and West 1965, Nettleton 1976, Telford and
others 1976, Robinson and Coruh 1988).

Magnetic fields are vectors and magnetometers mea-
sure some attribute of this vector field. Proton preces-
sion magnetometers measure the maximum intensity
(or total length of the vector) and flux gate magnetome-
ters measure the intensity in a particular direction (or
vector component). When used with dual sensors, mag-
netometers also measure the gradient of the attribute;
usually in the vertical direction.

The net magnetic field to which the magnetometer
responds is the vector sum of the field due to local
magnetized materials and the ambient field of the earth.
Figure 1 shows the total intensity field due to a simple
magnetic dipole, the ambient field of the earth, and the
total-intensity anomaly that would he detected during



a survey. In this case, the magnetization of the object
is parallel to the ambient field (induced magnetization).
There is a magnetic low to the north of the center of
the body and a larger high to the south.

Effective Susceptibility
Magnetic susceptibility, k, is the dimensionless pro-

portionality constant relating induced magnetization
within a body to the inducing field. In general, the induc-
ing field is the vector sum of both the earth's ambient
field and the field due to the object itself. This feedback
is referred to as demagnetization and is expressed as a
reduction in the effective susceptibility of the object:

where: kmat , is the material susceptibility, and A is the
demagnetization factor. Grant and West (1965) describe
the physical basis for demagnetization and the deriva-
tion of this relation.

Demagnetization factors are dependent on both the
shape of the object and its orientation to the ambient
field. For a sphere ; normal to the axis of the
cylinder ; and normal to a flat sheet
(Strangway 1967). Figure 2 shows the resulting relations
between effective and material susceptibility for these
simple shapes and orientations. Note that for material
susceptibility less than about k = 0.05, the effective and
material susceptibilities are approximately equal. Most
rock units have susceptibilities less than this, therefore,
demagnetization does not usually affect the interpreta-
tion of geologic surveys. However, ferrous metals have
susceptibilities of tens or hundreds, therefore, the effec-
tive susceptibility of ferrous metal objects, like steel
drums, is limited by demagnetization to a few tenths. If
the ferrous metal content of a landfill is several percent
of the volume, then the effective susceptibility of landfill
material would also be limited. In this case, local concen-
trations of metal within the landfill would not be
expected to significantly increase the local effective sus-
ceptibility.

Demagnetization also limits the applicability of the
algorithms used to calculate the magnetic effects of sim-
ple models. These algorithms usually assume that mag-
netization is uniform throughout the material, a condi-
tion not . realized if the field due to the body itself is
irregular. For hazardous waste site investigations there
is a need to develop magnetic modeling techniques that
accommodate demagnetization phenomena. Until this
is accomplished, magnetic models of ferrous metal
objects (including the models in this report) should be
interpreted cautiously.

Field Tests
55-Gallon Drums

The objectives of these tests were to establish the
magnetic signal of a 55-gallon steel drum and to compare
this result with analytical models. A secondary objective
was to determine the extent to which demagnetization
limits the effective susceptibility of a steel drum.

A 60- by 60-foot test site was laid out in a flat empty

Figure L Magnetic effect of an isolated body magnetized in
the direction of the earth's ambient field. The measured total
magnetic intensity is the vector sum of the ambient field plus
the field due to the body:

MATERIAL SUSCEPTIBILITY
Figure 2. Effective vs. material susceptibility for several sim-
ple shapes and orientations. Demagnetization limits the effec-
tive susceptibility to a few tenths regardless of the susceptibility
of the material (from Strangway 1967, p. 455).

field and a nearby base station was selected. Survey
stations were at 3-foot intervals along north-south lines,
spaced 6 feet apart (231 stations). In the center of the
site a non-magnetic (PVC pipe) tripod was constructed
from which the drums were suspended. The drums were
19 feet above ground level; therefore, with the 8-foot
sensor height of the magnetometer, the signals were
similar to those from drums buried at 3 feet (Figure 3).
Running the surveys beneath, instead of over, the
objects reversed the signals through an east-west line.
This resulted in a reversal of the positions of the positive
peak and related trough.

The site was first surveyed with an empty tripod to
establish a baseline, which was removed from all subse-
quent surveys. For each survey, the ends of the north-
south lines were first read and linearly drift-corrected
to the base station and then the individual stations were
read and linearly drift-corrected to the line ends. All
data were relative to the first reading at the base station

TOTAL INTENSITY MAGNETIC ANOMALY



distance (feet)
Figure 3. Test apparatus used to simulate the magnetic
response of a buried 55-gallon steel drum. The anomaly due to
the suspended drum is similar to that of a buried drum except
that the positions of the high and low are reversed.
and all were gathered with a total intensity proton-proces-
sion magnetometer (Geometrics Model 856). Figure 4 is
a perspective diagram of a representative anomaly. The
anomaly has a peak amplitude near 50 gammas, and has
a half-width about equal to the drum-to-sensor separation
(11 feet). It is less than 5 gammas at twice the

sensor-to-drumseparation.
Tests were run with three different drums. For each

drum, the field beneath the drum was surveyed, the
drum was flipped and rotated to reverse the direction
of the remanent magnetization, and the new field was
surveyed. Along the north-south center line, the average
of the two fields is attributable to induced magnetization
and one-half their difference is attributable to remanent
magnetization. For two of the three drums tested, the
anomaly due to remanent magnetization was compara-
ble to that due to induced magnetization. For the third
drum, it was 40 percent as large.

The third drum was then crushed to a 1.1 cubic foot,
drum-shaped mass. This crushed drum was surveyed in
both its upright and reversed orientations. Figure 5
shows the observed data along the north-south central
profile for both the whole and crushed drums in both
of their orientations. In its crushed configuration, the
drum showed very little remanant magnetization, pos-
sibly because the magnetized sheet metal had been
folded over on itself. The anomaly due to induced mag-
netization was only 30 percent of that of the uncrushed
drum even though both configurations contained the
same steel.

Modeled profiles of the total intensity anomaly of
uniformly magnetized spheres were matched to the
induced-magnetization anomalies of both the whole and
crushed drums. The sphere volumes were identical to
their respective drums. For the whole drum, the mod-
eled sphere had an effective susceptibility of k = 0.10,
for the crushed drum k = 0.18.

Underground Storage Tanks
Magnetic surveys are used to locate underground

storage tanks either for their removal or as an aid in
positioning boreholes in which leak detectors are to be
installed. The following field tests demonstrate the
character of the associated total-intensity signals. Again,
the data were gathered with a total-field proton-proces-

Figure 4. Total intensity anomaly due to induced magnetization
in a single 55-gallon drum. The configured surface is one-half
the sum of the anomaly due to a drum in its upright orienta-
tion plus that due to the same drum in a flipped plus rotated
orientation. Survey stations were located at each of the grid
intersections.

Distance (feet)
Figure 6. Total-intensity anomaly due to an underground stor-
age tank. The modeled anomaly is that due to an infinitely
long cylinder with a horizontal magnetization of 2750 gammas
per cubic foot.

sion magnetometer.
The first example is a single tank on a narrow land

spit extending from the south shore of Lake Mead, Ari-
zona. The tank had been part of a marine fuel dock
until the facility was destroyed by high water and aban-
doned. There were no remaining buildings, power lines,



pipes or other sources of cultural noise.
Figure 6 is a profile normal to the long axis of this

tank along with a matching model based on the actual
tank diameter. The model has a uniform horizontal mag-
netization of 2750 gammas per unit volume. This net
magnetization is the vector sum of induced plus
remanent magnetization and cannot be resolved without
reorienting the tank. One simple possibility is an
induced magnetization of 5500 gammas per unit volume
(k = 0.1) plus an upward remanent magnetization of
4763 gammas per unit volume.

The second example is a profile over two adjacent
tanks located 22 feet to one side of a large vehicle main-
tenance garage. Figure 7 shows the observed data, an
assumed linear regional, which may be due to the garage.
and the residual anomaly along with the profile due to
the indicated model. In this case, the entire anomaly
might be due to induced magnetization in a single small
body that is considerably deeper than the actual tanks.
Note that the data did not resolve two tanks even though
geometrically correct models of two magnetically
independent tanks had dual-peaked anomalies. A possi-
ble explanation is that the inducing field within each
tank is the sum of the earth's ambient field, the field
due to the tank, and the field due to the adjacent tank.
The tanks would then not be magnetically independent
and the two-tank model would not apply.

Field Surveys
The Landfill

The first example is a survey of a 70-acre covered
landfill in south-central Indiana. A 20-acre lake occupies
the center of the site and a river flows along the northern
and northeastern sides. The landfill had been used to
dispose of approximately 40,000 drums of chemical
wastes along with a variety of domestic and industrial
refuse. The survey was conducted to better define the
lateral extent of the landfill and, if possible. to locate
clusters of drums.

Two survey methods were used. One was a recon-
naissance survey with stations at 50-foot intervals along
lines spaced 100 feet apart. The other was a series of
more detailed north-south profiles with stations at 10-
or 20-foot intervals. Both were conducted with GeoMet-
rics Model 856 total-intensity magnetometers.

Figure 8 is a contour map of the total intensity data
from the reconnaissance survey. The dots are measure-
ment stations and the contour interval is 1000 gammas.
At this location, the ambient field is 56,200 gammas and
the measured values range from 52,600 to 64.500 gam-
mas, so the anomalous field ranges from 3600 to +8300
gammas. The reconnaissance survey clearly showed
areas in the southeast corner and west-central side of
the site that are magnetically smooth and are not
believed to contain buried debris. The data contoured
surprisingly well, considering that drums and metallic
debris are exposed on the surface. At the relatively
coarse 50- by 100-foot station spacing (necessitated by
the size of the site and limited field time) many "single
point anomalies" and ambiguities in the contours were
anticipated.

Figure 7. Total-intensity anomaly due to two underground stor-
age tanks. The magnetic data did not resolve the presence of
two objects even though calculated models of two near-surface
magnetically independent tanks produced dual-peaked anoma-
lies.

Figure 8. Magnetic total intensity over a covered landfill in
south-central Indiana. The contour interval is 1000 gammas
and the dots are stations at which data were gathered. Profile
A-A' is shown in Figure 9.

The continuity of the contoured field may be due
to demagnetization limiting and homogenizing the effec-
tive susceptibility of the landfill material. Figure 9 is a
north-south profile along line A-A. Stations are at 10-
foot intervals. Also shown is a simple model and mod-
eled field configured to match the larger features in the
observed data. The model is an east-west trending, in-
finitely long polygon with a uniform susceptibility of
k = 024 (the Talwanii algorithm, e.g., Grant and West
1965). The horizontal scale is as shown, but there is a
lOX vertical exaggeration in the model and its greatest



Figure 9. Observed and modeled magnetic total intensity over
a covered landfill. The modeled anomalies are due to varia-
tions in the configuration of the landfill material.

thickness is only 5 feet. The important point is that the
anomalies can be attributed to modest thickness varia-
tions in the layer. Comparable results were obtained
with models having an irregular upper surface and a flat
base. In contrast, Figure 10 shows the effect of induced
magnetization in an assembledge of randomly located,
randomly sized spheres. This modeled field is predomi-

Figure 10. A total-intensity magnetic model of an assembledge
of randomly located, randomly sized spheres magnetized in the
direction of the earth's field. The modeled field is dominated
by a few narrow peaks due to the shallowest objects.
nately positive and dominated by a few high-intensity
narrow peaks due to the shallowest objects. The
observed field at the landfill had broad anomalies with
both positive and negative parts.

The Sludge Ponds
The next example is a survey of some abandoned

sludge ponds on a 6-acre site south of Houston, Texas.
The ponds had been used to dispose of broken slabs of
reinforced concrete and had then been covered with
earth. The survey objective was to locate areas where
the slabs had been dumped so they couldbe avoided
when drilling ground water monitoring wells. It was
thought that the steel reinforcing bars in the concrete

Figure 11. Modeled magnetic total intensity over some abandoned sludge ponds near Houston, Texas. The contours are at
49800 t 20, ± 40, ± 80 , ±160, ± 320, ± 640 gammas and stations were on a 10- by 10- foot square g rid.



would produce a detectable magnetic anomaly.
This survey was conducted with an OMNI-IV tie-

line magnetometer system. Stations were established at
10-foot intervals along lines 10 feet apart and both the
total intensity and its vertical gradient were recorded.
The OMNI-IV monitors the quality of each reading and
the data are reliable except in an 80-foot strip along the
eastern side of the site where there is an overhead
powerline. In this area about 20 percent of the readings
were unreliable and were edited from the data.

Figure 11 is a contour map of the edited total inten-
sity data. Values range from 49,150 to 50,350 gammas.
The ambient field at this location is 49,800 gammas so
the anomalies range from -650 to +550 gammas. The
exponentially spaced contour intervals were used so that
both subtle features in the relatively smooth areas and
the shapes of the larger anomalies are displayed. This
map along with a map of the vertical gradient sucessfully
identified undisturbed areas in which the monitoring
wells could be placed.

On Figure 11 there is a tendency for the magnetic
highs to be flanked to the north by lows of comparable
amplitude. As in the landfill survey, the effect could be
modeled as thickness variations in a continuous layer.
However, at this site, enough of the slab dumps (and
anomalies) are sufficiently isolated to suggest a different
interpretation. Figure 12 shows the total intensity ano-
maly due to a horizontally magnetized slab at a depth
of 4 feet. For horizontal magnetization at the latitude
of the site, the magnetic highs and lows are of compara-
ble amplitude but for steeply plunging magnetization
parallel to the ambient field, the highs are significantly
larger than the lows. Demagnetization limits the effec-
tive susceptibility perpendicular to the surface of a slab
or to the axis of a bar. However, it does not limit the
susceptibility parallel to a thin slab or along the axis of
a bar. Therefore, for flat-lying reinforced slabs, the hori-
zontal component of induced magnetization is expected
to be larger than the vertical component, which is consis-
tent with our model.

Selecting station spacing and line separation involves
a tradeoff between survey resolution and the amount
of field work. If the distance between measurements is
too large, the data will be uncertain by an amount com-
parable to the amplitude of the narrower anomalies;
even if the measurements are precise. (This spatial-alias-
ing phenomena is similar to the temporal aliasing that
occurs when a continuous time signal is digitized.) On
the other hand, if the distance between measurements
is too small, the time and cost of the survey may be
prohibitive. For the survey over the sludge ponds, the
relatively short 10- by 10-foot grid was selected because
the nature of the signal was not known beforehand and
the surveyor wanted to detect all significant anomalies.

To determine the maximum distance between sta-
tions that would have adequately resolved the field
variations, the Fourier transformation was used on the
total intensity data and then the resulting amplitude
spectra (Figure 13) was smoothed and contoured. This
map shows the relative amplitudes of the variations in
magnetic total intensity as a function of their widths

Figure 12. Magnetic total intensity anomaly due to a 80- by 80-
by 4-foot thick slab of material with a horizontal northerly
magnetization of 1000 gammas per cubic foot. The contour
interval is 50 gammas.

Figure 13. Two-dimensional Fourier transform of the total
intensity data in Figure 11. The contoured values are the mod-
uli of the transform after they were smoothed by a nine-point
unit matrix. The contour interval is 10 percent of the maximum
value.

and orientations. The graph axes are wave number or
one-half the reciprocal wavelengths in the ENE-WSW
and NNW-SSE directions of the survey grid. The con-
tours are the moduli of the transform (an array of com-
plex numbers) after they had been filtered or averaged
with a nine-point unit matrix. The contour interval is
10 percent of the peak filtered value.

Note that almost all of the amplitude spectra are at
wavenumbers less than 0.025 ft (0.5/20 ft). This implies
that most features would be adequately resolved by a
survey conducted on a 20-foot grid, assuming the data
were reliable. Some data redundancy is desirable and
it is more efficient to make closely spaced readings along



more widely separated lines than it is to make the same
number of readings on a square grid. An optimum sur-
vey grid at this site might have stations at 10-foot inter-
vals along lines no more than 30 feet apart. Contour
maps constructed from alternate stations and lines (a
20- by 20-foot grid) and from every third line (a 10- by
30-foot grid) resolved all of the anomalies on the total-
intensity map.

The highest peaks on the amplitude spectra occur
at wave numbers near 0.005 ft (0.5/100 feet) and ampli-
tudes are generally less that 50 percent of the peak value
at wave numbers greater than about 0.01 ft (0.5/50 ft).
This implies that the larger amplitude anomalies would
have been detected by a survey on a 50-foot grid. A
map constructed from every fifth line and station
detected all the major anomalous areas but did not
resolve the shapes of the anomalies.

Summary
Magnetic surveys can be an important part of hazard-

ous waste site investigations but the physical principles
must be understood before the data are interpreted. In
particular, these surveys often involve ferrous metals
and effective susceptibility can be limited by demagneti-
zation to a few tenths. The magnetic field variations
will then be due to the configuration of the magnetized
material rather than to local concentrations of metal.

The detectable anomaly due to an isolated steel
drum has a width of about twice the distance between
the drum and the magnetometer sensor. A survey to
reliably detect single drums would have to be conducted
with a station spacing and line separation less than this
width. However, if a hazardous waste site contains suffi-
cient disseminated metal for demagnetization to occur,
the stronger anomalies can have dimensions comparable
to the landfill cells. In this case, relatively coarse station
spacings and line separations may be adequate.
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EXECUTIVE SUMMARY 

This Construction Quality Assurance Plan (CQA Plan) provides the Design Basis and 
Construction Specifications for the final landfill covers for Disposal Trenches 11 and 12 at the 
US Ecology Nevada, Inc. (USEN) Hazardous Waste Management Facility located about 11 
miles south of the town of Beatty in Nye County, Nevada.  The CQA Plan is consistent with the 
requirements of HW Permit Number NEV HW0019 dated April 29, 2005.  The document has 
been developed under the direction of a professional engineer registered in the State of Nevada 
and describes the design features and procedures that will be employed in the construction of 
final landfill covers. 

Arid Region Alternative Covers 

Arid region final covers use the moisture retention properties of native soils to contain and store 
infiltrating moisture (precipitation) until the natural processes of evaporation and plant 
transpiration remove the stored moisture and release it the atmosphere.  The proposed final 
covers for Trenches 11 and 12 will be protective of human health and the environment, and offer 
benefits when compared to conventional landfill cover types that incorporate compacted clay or 
synthetic materials as low-permeability components.  These benefits include, but are not limited 
to, use of easily obtained construction materials, relative simplicity of construction, reduced 
complexity of quality assurance/quality control programs, increased long-term cover integrity 
and stability, and simplified cover maintenance. 

Regulatory Considerations 

The final landfill covers for USEN Trenches 11 and 12 are designed to satisfy the regulatory 
requirements for final closure of a landfill cell.  The design acknowledges and benefits from 
research and experience that confirms that the desired environmental protection benefits can be 
obtained with an alternative design.  This document describes a final landfill cover system that is 
fully consistent with the provisions of 40 CFR 264.110, the performance standards of 40 CFR 
264.111, and the following requirements of 40 CFR 264.310(a) dealing with landfill closure: 

(1) Provide long-term minimization of migration of liquids through the closed landfill; 
(2) Function with minimum maintenance; 
(3) Promote drainage and minimize erosion or abrasion of the cover;  
(4) Accommodate settling and subsidence so that cover’s integrity is maintained; and 
(5) Have a permeability less than or equal to the permeability of any bottom liner system 

or natural subsoils present. 

Based upon frequent discussions with the Nevada Division of Environmental Protection (NDEP) 
during the design process, USEN is confident that the arid-region final cover design for Trenches 
11 and 12 is consistent with applicable regulatory requirements.  The manner by which the arid 
region final cover design addresses each of these requirements is summarized below. 
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Long-term minimization of liquid migration.  Liquid migration into and through the landfilled 
waste is minimized by the low effective hydraulic conductivity (permeability) of the monolithic 
final cover system.  Unsaturated flow modeling, with site-specific input parameters (some 
established at the Amargosa Desert Research Site), shows that vertical liquid flux (also called 
percolation) is very small (much less than 10 millimeters per year).  As such, little liquid is 
expected to move through the final cover into the disposed waste. 

Minimum maintenance.  The capacity of the final cover to function with minimum maintenance 
is provided by the combination of the simplicity of its monolithic design and the capacity of the 
natural soil materials that comprise the cover to resist damage from water and wind erosion.  By 
not including multiple component layers, such as low permeability geosynthetic liner materials 
or geosynthetic drainage media, the monolithic soil cover is less susceptible to loss of integrity 
through damage to or deterioration of such components, and can be much more easily and 
quickly repaired if damaged.  Repairs to the monolithic arid-region final cover can be completed 
by adding cover soil and re-establishing surface grades.  Replacing or repairing multiple 
components of a cover reliant upon geosynthetic materials, with related quality control 
requirement, will be unnecessary for a monolithic arid-region final cover. 

Promote drainage and minimize erosion.  The final cover system incorporates slopes and natural 
materials that promote drainage and minimize erosion.  The final covers include limited areas of 
flat or gentle slopes and large areas of steeper slope areas that will promote precipitation run-off 
while preventing run-on from areas off the cover.  Erosion by water and wind is maintained at 
acceptable levels through the use of relatively coarse-grained native soil materials. 

Accommodate settling.  Little settling of waste though consolidation or degradation is expected 
for the largely inert waste materials that have been or are expected to be disposed in the trenches, 
and little subsidence of the final covers is expected.  The 1996 Trench 12 design (as referenced 
herein) determined that the disposed waste is likely to be 85 percent soil and soil-like waste, 10 
percent containerized waste, and five percent non-compressible solids.  That design document 
established that cover settlement was expected to be 1.5 feet or less, and to occur relatively 
uniformly across the landfill in proportion to the thickness of disposed waste.  Considering the 
limited amount and relatively uniform distribution of expected settlement, the monolithic arid-
region final cover is expected to accommodate settlement without disrupting the integrity of the 
final cover or its capacity to function as an effective barrier to liquid migration.  Also, the 
monolithic final cover does not incorporate components (such as geosynthetic liners or drainage 
media) whose capacity to function is more prone to negative impacts from settlement. 

Low permeability.  This design basis document provides technical substantiation to the fact that 
liquid percolation through this arid region final cover system (i.e., this cover design in this arid 
setting) will be much less than 10 millimeters per year, which is an effective hydraulic 
conductivity (permeability) that is less than 3.2 x 10-8 centimeters per second (cm/sec).  At this 
effective permeability, the cover is less permeable than the bottom liner system component 
maximum permeability of 1 x 10-7 cm/sec that is prescribed in 40 CFR 264.301(c)(1)(i)(B).  
When the presence of just the uppermost portion of the thick sequence of dry waste beneath the 
cover also is considered, the effective permeability of the cover system is even lower.
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Selected Arid and Semi-Arid Region Monolithic ET Alternate Final Covers 
Name and Location Landfill Type Cover Type Regulatory Status Rainfall

(in/yr) 
Percolation

(mm/yr) 
Cover Description and Construction 

Status 
Apple Valley Landfill CA, Apple Valley MSW ET, monolithic AFC research 5.4 NA Demonstration, 3.0 feet thick cover installed in 

2002 

Altamont Landfill CA, Livermore Nonhaz waste ET, monolithic AFC research 13.4 1.5 Demonstration, 3.5 feet thick cover installed in 
2001 

Phelan Landfill CA, Phelan MSW ET, monolithic AFC research 5.6 0.8 to 11.7* Demonstration, 5.0 feet thick cover installed in 
1998 

Milliken Landfill CA, San Bernardino MSW ET, monolithic AFC research 12.0 0.8 to 6.6 Demonstration, 5.0 feet thick cover installed in 
1997 

Rocky Mountain Arsenal Landfill CO, Denver Hazwaste ET, monolithic AFC research 15.6 <1.3mm Demonstration, 3.5-4.0 feet thick cover installed 
in 1998 

US Ecology of Idaho, Site B Test Pad ID, Grand View Hazwaste ET, monolithic AFC research 7.1 <<3.2 Demonstration, 5.0 feet thick cover installed in 
2000 

Kirtland Municipal Waste Landfill NM, Albuquerque MSW ET, monolithic AFC research 8.5 NA Full scale, cover over waste installed in 2002 

Area 3 Radioactive Waste 
Management Site NV, Nye County Radwaste ET, monolithic AFC research 5.3 NA Demonstration, 8.0 feet thick covers 

Finley Buttes Regional Landfill OR, Boardman MSW ET, monolithic AFC research 8.7 <<1.0 Demonstration, 4.0 feet thick cover over waste 
installed in 2000 

Lopez Canyon Sanitary Landfill CA, Los Angeles MSW ET, monolithic Approved, CA RWQCB 17.0 NA Full scale, 3.0 feet thick cover over waste 
installed in 1999 

Denver Arapaho Disposal Site CO, Aurora MSW ET, monolithic Approved, CO DPHE 14.0 NA Full scale, 4.0 feet thick cover over waste 
installed in 2002 

Rocky Mountain Arsenal Landfill CO, Denver Hazwaste ET, monolithic Approved, CO DPHE 15.6 NA Full scale, cover construction began in 2007 

US Ecology of Idaho, Trenches 10 & 
11 ID, Grand View Hazwaste ET, monolithic Approved, ID DEQ 7.1 NA Full scale, 5.0 feet thick cover over waste 

installed in 2000 

Mr. M Landfill MT, Lewiston MSW ET, monolithic Approved, MT DEQ 18.0 NA Full scale, 3.0 feet thick cover over waste 
installed in 2000 

Sandia Chemical Waste Landfill NM, Albuquerque Hazwaste ET, monolithic Approved, NM ED 8.5 NA Demonstration, cover approved as a corrective 
measure 

Kirtland AFB Landfill Closures NM, Albuquerque Hazwaste and 
Nonhaz waste ET, monolithic Approved, NM ED 8.5 NA Demonstrations, covers approved as corrective 

measure for three landfills 

Los Alamos County Landfill NM, Los Alamos MSW ET, monolithic Approved, NMED 18.2 NA Full scale, 3.0 feet thick cover installed in 2007.  

Operating Industries, Inc. Landfill CA, Monterey Park MSW ET, monolithic Approved, USEPA 18.5 NA Demonstration, 4.0 feet (min) thick cover 
constructed in 2000 

 
NA = information not available << = much less than *  Reported value is for 1997-1998, and not a long-term average 
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The preceding table identifies landfills and other facilities (including hazardous, solid, and 
radioactive waste management units) in arid and semi-arid areas of the U.S. have incorporated 
monolithic evapotranspiration covers (ET Covers).  These include several landfills where 
monolithic ET Covers have been tested and demonstrated to provide performance that is 
consistent with regulatory requirements are identified below.  As the table indicates, full-scale 
monolithic ET AFCs have been constructed at several facilities in locations that, similar to the 
USEN Beatty facility, have annual precipitation totals that are much less than 20 inches.  Arid 
settings with low precipitation, high average temperatures, high solar radiation, and high 
evaporation potential are positive factors in the long-term performance of monolithic AFCs. 

Design Considerations 

The facility location in the Amargosa Desert, acknowledged as one of the most arid areas within 
the continental U.S., supports the use of a monolithic ET Cover.  Annual precipitation averages 
about 4.25 inches, while the potential evapotranspiration rate for this location is about 78 inches.  
Moisture migration research by the USGS at the Beatty facility location, and predictive modeling 
of moisture movement in this environment, strongly support the use of an ET Cover as an 
appropriate method for long-term minimization of infiltration of liquids through the landfill 
cover. The cover system will limit liquid percolation into waste, thereby minimizing the 
likelihood that such liquid will move through the waste, through the components of the liner 
system, and into the subsurface environment.   

From bottom to top, the components of the arid region cover to be used for Trenches 11 and 12 
are as follows. 

• Interim Cover Soil Layer.  The lower layer of the final cover is a lightly compacted 
native soil layer at least 12-inches (1.0 foot) thick and extending across the cover to the 
natural ground surface on all sides of the trenches. 

• Final Cover Soil Layer.  The upper layer of the final cover is a lightly compacted soil 
layer at least 24-inches (2.0 feet) thick and extending across the cover to the natural 
ground surface on all sides of the trenches.  In conjunction with the Interim Cover Layer, 
it retards the downward movement of infiltrating water by providing temporary water-
storage, and allowing stored water to be returned to the atmosphere by evaporation and 
plant transpiration. 

Moisture Retention by Final Covers 

The long-term performance of the arid-region final cover is determined by consideration of 
infiltration of precipitation, moisture retention within the cover soil, moisture removal by 
evapotranspiration, and potential percolation into waste.  These factors were evaluated using two 
models, the quasi-two-dimensional water-balance HELP model and the one-dimensional 
Richards equation UNSAT-H model.  These models simulate water flow into and out of the 
proposed final cover and were used to predict performance of the proposed final cover.  

The two models predicted similar results with regard to the capacity of the final cover to limit 
percolation.  Both models predicted that a three-feet (36-inch) thick monolithic cover will 
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prevent significant percolation of fluids through the cover and into waste.  The results also 
indicate that nearly all of the precipitation that enters returns to the atmosphere through the 
combination of evaporation and transpiration rather than infiltrating deeply into the cover and 
percolating into waste.  These results likely are conservative because no vegetation was 
considered in either the HELP or UNSAT-H models, so the evaluation of “evapotranspiration” 
(the combined effect of evaporation and plant transpiration) actually was limited to consideration 
of evaporation only.  The following table summarizes HELP and UNSAT-H modeled 
percolation through the base of a 36-inch monolithic ET Cover as designed for the USEN facility  

Modeled Year HELP Percolation Results UNSAT-H Percolation Results 
(mm/year) (mm/year) 

1 0.00000 0.456 
2 0.00000 0.304 
3 0.00000 1.973 
4 0.00000 2.029 
5 0.00000 0.319 
6 0.00000 0.018 
7 0.00003 1.466 
8 0.00000 2.028 
9 0.00000 0.319 

10 0.00000 0.302 
11 0.00000 0.301 
12 0.00000 0.301 
13 0.00000 1.973 
14 0.00000 2.029 
15 0.00000 0.319 
16 0.00000 0.018 
17 0.00000 1.466 
18 0.00000 2.028 
19 0.00000 0.319 
20 0.00000 0.302 
21 0.00000 0.301 
22 0.00003 0.301 
23 0.00000 1.973 
24 0.00000 2.029 
25 0.00003 0.319 
26 0.00000 0.018 
27 0.00000 1.466 
28 0.00000 2.028 
29 0.00000 0.319 
30 0.15776 0.302 

Annual Average 0.005261 mm/year 0.911 mm/year 

The graph below illustrates downward percolation rates (vertical flux) estimated by UNSAT-H at 
increasing depths within a three-feet (36-inch) thick final cover at two times during the 30-year 
period.  The first, “End of Year 4,” represents the moisture condition in the cover immediately 
following two sequential years of higher than normal (7.65 inches) precipitation.  The second, 
“End of Year 10,” represents the moisture condition after 10 years of varying precipitation 
amounts that average 5.2 inches per year, or about one inch greater than the normal precipitation 
for Beatty. 
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As the “End of Year 4” graph shows, vertical flux rates are relatively high, in the upper one foot 
of the cover and decrease to small values (about 2 mm/year) approaching the base of the cover at 
three feet deep.  The graph, which represents conditions after two consecutive wet years, is 
representative of times when percolation from the base of the cover is theoretically the highest 
during the 30 years modeled.  The nature of the curve at points deeper than about 30 inches 
indicates that increasing the total cover thickness to values more than 36 inches likely would not 
provide significant performance improvement relative to deep percolation.  

 

Although observing predicted percolation immediately after two consecutive wet years is 
conservative; considering a longer period of time is a better measure of final cover performance.  
The “End of Year 10” graph illustrates the downward percolation rates (vertical flux) at 
increasing depths in the cover after the first 10 years of modeling.  In this instance, the nature of 
the curve at points deeper than about 25 inches indicates that the total cover thickness of 36 
inches will provide acceptable performance relative to deep percolation. 

Percolation of 10 mm/year is suggested as a reasonable point for comparison for the two 
scenarios.  After two consecutive wet years, percolation is reduced to below 10 mm/year at a 
depth of 30 inches into the cover.  But, after ten years of varied precipitation (including four wet 
years), percolation is reduced to below 10 mm/year at a depth of about 22 inches into the cover.  
When long-term climate conditions and moisture movement are considered, an unvegetated 
cover thickness of 22 inches will reduce percolation to less than 10 mm/year and a final cover 
that is more than 1.5 times thicker, at 36-inches, will reduce percolation to less than 1 mm/year.  
Adding the effect of vegetation coverage would further improve the capacity of the 36-inch thick 
cover to reduce percolation. 

The Trench 11 and 12 final covers can be constructed using site soils that contain some fine-
grained materials to aid in moisture retention and a significant gravel fraction for erosion control 
and stability.  The proposed final covers will:  



USEN Hazardous Waste Management Facility Trench 11 and 12 Final Covers 
Beatty, Nevada  

 ES-7 April 2008 

1. Capture and retain the small amounts of precipitation that occur in the arid climate at 
the USEN facility;  

2. Limit runoff, providing native plant species the necessary moisture for establishment; 
and  

3. Limit percolation into the waste layer by providing adequate moisture storage to be 
returned to the atmosphere by evaporation and transpiration. 

Cover Erosion 

Using regional input values believed to be a reasonable representation of site conditions, the 
calculated estimates of surface erosion by water and wind on the Trench 11 and 12 final covers 
do not exceed maximum erosion rate recommendations, in the case of water erosion, or 
reasonable soil thinning rates, in the case of wind erosion.  

• For the material type to be used in the final covers, water erosion rates estimated using 
the RUSLE2 model were less than the two tons per acre per year USEPA-recommended 
maximum rate.  

• Wind erosion was analyzed using the WEPS model.  Erosion by wind is assumed to 
result in uniform soil removal over a broad area and not in a manner than tends to 
concentrate soil removal.  Accordingly, consideration of the significance of surface soil 
removal (or cover thinning to the point of exposing waste) is pertinent.  Soil loss resulting 
from wind erosion was estimated to be 0.022 inches per year, or 0.65 inches over 30 
years. 

The conclusion that cover erosion by water or wind will not exceed acceptable rates is applicable 
to use of native soil types in the Trench 11 and 12 final covers without special attention to 
placement of a surficial layer specifically intended to reduce surface erosion.  In fact, with regard 
to water erosion, the native soil type intended for final cover construction will be sufficiently 
coarse-grained to be considered an “erosion reduction” layer.  Also, no special attention in cover 
design is needed to reduce erosion potential by shortening cover slope sections.  Thus, no 
benches or other engineered flattening of slopes is required to reduce erosion potential. 

Surface-Water Runoff 

Peak runoff rates expected from closed (covered) Trench 11 and Trench 12 drainage areas was 
estimated for two design rain storms:  a 2-year, 24-hour storm resulting in approximately 1.0 
inch of precipitation, and a 25-year, 24-hour storm resulting in approximately 2.1 inches of 
precipitation.  These analyses show that ditches, berms, or swales, to intercept runoff are 
unnecessary on the Trench 11 and 12 final covers because of: 

• Low rainfall amounts; 

• Erosion-resistant cover soil; 

• Down-slope flow lines that are less than 200 feet long in most instances; 

• Uniform and planar cover slopes; and 
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• Absence of significant flow convergence areas. 

After flowing off the final covers by sheet flow, design storm runoff will combine in stormwater 
drainage ditches that begin at the base of the Trench 11 and 12 covers and leave the USEN 
property to the west, north, or south.  No runoff will occur in these drainages following the two-
year, 24-hour storm.  The 25-year, 24-hour storm results in design storm flows at the facility 
boundary in these drainages that range from 3.0 to 8.0 CFS.  These maximum values were used 
to design the runoff ditches.  In these channels, which are not located above disposed waste, the 
natural soil materials forming the channel bottoms are sufficiently coarse-grained so as to not 
need additional measures to reduce channel erosion. 

Construction Specifications 

Starter Berms Construction.  Compacted-soil starter berms will serve as the outer shell of the 
above-grade waste disposal area for Trenches 11 and 12.  The starter berms on the perimeter of 
Trench 11 were constructed previously in accordance with NDEP approval of the 1999 design 
and plan for above-grade waste disposal.  The Trench 12 berms will be constructed of compacted 
native soil or compacted select soil waste (where the berm is over waste).  Suitable materials will 
be placed in lifts not exceeding 12 inches thick and compacted to 95 percent maximum dry 
density (ASTM D 1557).  In-situ density tests will be performed as specified in the CQA Plan. 

Landfill Cover Construction.  Soil materials for final cover construction will consist of natural 
soil obtained from USEN stockpiles and the Trench 12 excavation, supplemented as needed with 
imported soil materials.  Native and imported materials will be screened and mixed, as needed, to 
obtain material of satisfactory grain size.  

The Trench 11 interim soil layer has been constructed as a layer at least 12 inches thick 
constructed during the trench’s waste disposal operations history.  The Trench 12 interim soil 
layer will be a layer not less than 12 inches thick that is comprised of natural soil materials that 
contain no grain sizes larger than 6.0 inches.  Lift thickness will be measured and documented, 
but there is no compaction specification for this material, which will be placed as above-grade 
waste disposal proceeds. 

Soil materials for the Trench 11 and 12 final cover layer will be 90 percent smaller than 1.0 inch 
with not less than 5.0 percent passing the #200 sieve.  No materials in this layer will be larger 
than 3.0 inches.  Cover materials will be placed in lifts that between 12 and 24 inches thick and 
lightly compacted to achieve a density of about 80 percent MDD (ASTM D 1557). 

The lower density compaction requirement of the soil cover is important for the moisture holding 
capacity of the soil.  Over-compaction could lead to reduced effectiveness and should be 
prevented.  Areas of the final cover layer that become overly compacted, such as could result 
from repeated vehicle or equipment passage, will be loosened by shallow ripping or disking. 

Post Closure Performance Verification 

Trench closure will be considered complete when the final design slopes have been established 
on the Final Cover layer.  Post-closure inspection and maintenance will be performed in a 
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manner and on a schedule that will be similar to that for other closed landfill units at the facility.  
With the design features presented in this report, the closed disposal facility will provide low-
maintenance waste containment and the requisite long-term environmental protections. 

Verification of post-closure performance of the final cover will be provided by the combination 
of leachate monitoring (quality and quantity) and groundwater monitoring.  Although the final 
cover design process has taken erosion, settlement, and slope instability into consideration and 
has determined that these natural processes are not expected to result in unacceptable changes to 
the final covers, post-closure care plans will describe the process by which any such unexpected 
and unacceptable changes would be identified and corrected 
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1. INTRODUCTION 

This document, “Design Basis and Construction Specifications for Trenches 11 and 12 Final 

Covers,” provides the design basis and Construction Quality Assurance (CQA) Plan for the final 

landfill covers for Disposal Trenches 11 and 12 at the US Ecology Nevada, Inc. (USEN) 

Hazardous Waste Management Facility located about 11 miles south of Beatty, Nevada, in Nye 

County.  The Design Basis and Construction Specification document complies with the 

requirements of HW Permit Number NEV HW0019 dated April 29, 2005.  The document has 

been developed under the direction of a professional engineer registered in the State of Nevada 

and describes the design features and procedures that will be employed in the construction of 

final landfill covers. 

This work completes a design process that began in 1995 and received conditional approval from 

the Nevada Division of Environmental Protection (NDEP) in the 2005 RCRA Permit.  This 

design document is part of the Trench 11 and 12 design documents that most recently included 

the October 8, 2007, “Supplement to the Landfill Report for Trench 12” and accompanying 

“Construction Quality Assurance Plan for Trench 12.”  The final cover design for Trenches 11 

and 12 incorporates use of an alternative final cover that is appropriate for application at the arid 

location of the USEN Beatty facility.  This design basis and specifications document includes the 

following components. 

• Section 1:  Introduction 

• Section 2:  Regulatory basis for arid region cover design.   

• Section 3:  Final landfill covers for Trenches 11 and 12. 

Sections 2 and 3 provide an explanation of the regulatory and technical basis for 
consideration of an alternate final cover design concept for Trenches 11 and 12, and 
present a description of the final cover design selected for use. 

 
• Section 4:  Technical basis for cover design. 

Section 4 provides a discussion of the primary technical bases for the final cover 
design, including the results of moisture retention modeling, erosion modeling, and 
surface-water runoff modeling. 
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• Section 5:  Other cover design considerations.   

Section 5 provides a discussion of other design considerations important to the design 
and construction of the final landfill cover, making reference, as appropriate, to 
pertinent design basis information that is provided in documents previously submitted 
to and approved by NDEP. 

• Section 6:  Specifications for final cover construction.   

Section 6 is a detailed presentation of the construction specifications for the Trenches 
11 and 12 final covers and is a component of the Construction Quality Assurance 
Plan for final cover construction.  This section references the companion document, 
October 8, 2007, “Supplement to the Landfill Report for Trench 12” and 
accompanying “Construction Quality Assurance Plan for Trench 12” for description 
of the administrative aspects (such as responsibilities and recordkeeping details) of 
the CQA Plan that are applicable to final cover construction. 

• Appendix 1:  Trenches 11 and 12 Final Covers Design Drawings. 

• Appendix 2:  Trenches 11 and 12 Final Covers Supporting Calculations. 
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2. REGULATORY BASIS FOR ARID REGION FINAL COVER DESIGN 

2.1 REGULATORY REQUIREMENTS AND FLEXIBILITY 

From 40 CFR 264.111, the following general closure performance standards apply to closure of 

RCRA units. 

The owner or operator must close the facility in a manner that:  

(a) Minimizes the need for further maintenance; and  

(b) Controls, minimizes or eliminates, to the extent necessary to protect human health 
and the environment, post-closure escape of hazardous waste, hazardous 
constituents, leachate, contaminated run-off, or hazardous waste decomposition 
products to the ground or surface waters or to the atmosphere. 

From 40 CFR 264.310, the following specific requirements apply at final closure of the entire 

landfill or any individual landfill cell, such as Trenches 11 and 12. 

(a) …the owner or operator must cover the landfill or cell with a final cover designed 
and constructed to: 

(1) Provide long-term minimization of migration of liquids through the closed 
landfill; 

(2) Function with minimum maintenance; 

(3) Promote drainage and minimize erosion or abrasion of the cover; 

(4) Accommodate settling and subsidence so that the cover’s integrity is maintained; 
and 

(5) Have a permeability less than or equal to the permeability of any bottom liner 
system or natural subsoils present. 

The RCRA regulations incorporate flexibility to allow closure approaches that differ from the 

specific requirements of 264.310(a), but continue to provide the long-term environmental 

protection intended in the regulation.  Specifically, at 40 CFR 264.110(c), the regulations state: 

The Regional Administrator may replace all or part of the requirements of this subpart 
(and the unit-specific standards referenced in §264.111(c) applying to a regulated unit), 
with alternative requirements set out in a permit or in an enforceable document (as 
defined in 40 CFR 270.1(c)(7)), where the Regional Administrator determines that:   
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(1) The regulated unit is situated among solid waste management units (or areas of 
concern), a release has occurred, and both the regulated unit and one or more solid 
waste management unit(s) (or areas of concern) are likely to have contributed to the 
release, and 

(2) It is not necessary to apply the closure requirements of this subpart (and those 
referenced herein) because the alternative requirements will protect human health 
and the environment and will satisfy the closure performance standard of § 264.111 
(a) and (b). 

USEN Trenches 11 and 12 are situated among pre-RCRA solid waste management units and 

other areas of concern, and also is near closed low-level radioactive waste disposal trenches.  A 

release affecting groundwater has been documented at the site that is attributed to volatile 

constituents in the vadose zone beneath the pre-RCRA units.  The source of the volatile 

constituents likely is a combination of regulated units, solid waste management units, and areas 

of concern. 

The final landfill covers for USEN Trenches 11 and 12 are presented in this Design Basis and 

Construction Specification document to satisfy the regulatory requirements for final closure of a 

landfill cell.  The design acknowledges and benefits from research and experience that confirms 

that the desired environmental protection benefits can be obtained with an alternative design.  

This document describes a final landfill cover system that is fully consistent with the provisions 

of 264.110 cited above, the performance standards of 264.111, and the requirements of 

264.310(a) dealing with landfill closure: 

(1) Provide long-term minimization of migration of liquids through the closed landfill; 

(2) Function with minimum maintenance; 

(3) Promote drainage and minimize erosion or abrasion of the cover; 

(4) Accommodate settling and subsidence so that cover’s integrity is maintained; and 

(5) Have a permeability less than or equal to the permeability of any bottom liner system 
or natural subsoils present. 

The functionality of the final cover system will limit liquid percolation into waste, thereby 

minimizing the likelihood that such liquid will move through the waste, through the components 

of the liner system, and into the subsurface environment.  The facility’s location in the Amargosa 

Desert further supports the use of an alternative cover.  Annual precipitation averages about 4.25 
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inches, while the potential evapotranspiration rate for this location is about 78 inches1.  Moisture 

migration research by the USGS at the Beatty facility location, and predictive modeling of 

moisture movement in this environment, strongly support the use of an evapotranspiration cover 

as an appropriate method for long-term minimization of infiltration of liquids through the landfill 

cover. 

Based upon frequent discussions with the Nevada Division of Environmental Protection (NDEP) 

during the design process, USEN is confident that the arid-region final cover design for Trenches 

11 and 12 is consistent with applicable regulatory requirements of 264.310(a).  The manner by 

which the final cover design addresses each of these requirements is summarized below. 

Long-term minimization of liquid migration.  Liquid migration into and through the landfilled 

waste is minimized by the low effective permeability of the monolithic final cover system.  

Unsaturated flow modeling shows that vertical liquid flux (also called percolation) is very small 

and little liquid is expected to move through the final cover into the disposed waste. 

Minimum maintenance.  The capacity of the final cover to function with minimum maintenance 

is provided by the combination of the simplicity of its monolithic design and the capacity of the 

natural soil materials that comprise the cover to resist damage from water and wind erosion.  

Though events requiring cover repair are expected to be infrequent, most repairs to the 

monolithic final cover can be completed simply, by adding cover soil and re-establishing surface 

grades. 

Promote drainage and minimize erosion.  The final cover system incorporates slopes and natural 

materials that promote drainage and minimize erosion.  The final covers include limited areas of 

flat or gentle slopes and large areas of steeper slopes that will promote precipitation run-off 

while preventing run-on from areas off the cover.  Erosion by water and wind is maintained at 

acceptable levels through the use of relatively coarse-grained native soil materials. 

Accommodate settling.  Little settling of waste though consolidation or degradation is expected 

for the largely inert waste materials that have been or are expected to be disposed in the trenches, 

                                                 
1 Shevenell, L., 1996.  Statewide Potential Evapotranspiration Maps for Nevada.  Nevada Bureau of Mines and 

Geology, Report 48. 
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and little subsidence of the final cover is expected.  The 1996 Trench 12 design determined that 

the disposed waste is likely to be 85 percent soil and soil-like waste, 10 percent containerized 

waste, and five percent non-compressible solids.  That design document also determined that 

cover settlement would be 1.5 feet or less, and would occur relatively uniformly across the 

landfill in proportion to the thickness of disposed waste.  Considering the limited amount and 

relatively uniform distribution of expected settlement, the monolithic arid-region final cover is 

expected to accommodate settlement without disrupting the integrity of the final cover or its 

capacity to function as an effective barrier to liquid migration. 

Low permeability.  This design basis document shows that liquid percolation through the final 

cover system will be much less than 10 millimeters per year, an effective permeability that is less 

than 3.2 x 10-8 centimeters per second (cm/sec).  At this effective permeability, the cover is less 

permeable than the maximum value of 1 x 10-7 cm/sec prescribed for bottom liner components in 

40 CFR 264.301(c)(1)(i)(B). 

2.2 GENERAL INFORMATION FOR THE TRENCH 11 AND 12 FINAL COVER 

Conventional landfill final covers utilize multiple components, including natural or man-made 

low permeability materials, to achieve long-term performance objectives for closure and post-

closure care.  The 1996 Design for the Trench 12 final cover conditionally approved by the 

NDEP is an example of a multi-component cover.  Cover performance research conducted since 

the 1990s, including the USEPA-sponsored Alternate Cover Assessment Program (ACAP)2 and 

alternative cover research by Sandia National Laboratory3, has shown that alternative cover 

designs can perform as well as or, under some conditions, better than conventional multi-

component final covers.  Performance improvement is particularly evident when construction-

related damage or long-term deterioration of the low-permeability components of conventional 

covers are considered.  Alternative final covers typically use the moisture retention properties of 

                                                 

2 ACAP is part of the USEPA-National Risk Management Research Laboratory's (NRMRL) Superfund 
Innovative Technology Evaluation (SITE) Program established to promote the development of new and 
innovative technologies used to address hazardous waste.  The Desert Research Institute in Reno, NV is a co-
researcher for ACAP.  Information at www.acap.dri.edu  

3  Large-scale field demonstration comparing final landfill cover designs at Sandia National Laboratories in 
Albuquerque, New Mexico.  Information at http://www.sandia.gov/Subsurface/factshts/ert/alcd.pdf  
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native soils to contain and store infiltrating moisture (precipitation) until the natural processes of 

evaporation and plant transpiration remove the stored moisture and release it to the atmosphere.  

These alternative final covers are called evapotranspiration (or ET) covers. 

Table 1 identifies landfills and other facilities (including hazardous, solid, and radioactive waste 

management units) in arid and semi-arid areas of the U.S. where monolithic ET covers have been 

tested and demonstrated to provide performance that is consistent with regulatory requirements 

to minimize infiltration.  As noted, full-scale monolithic ET covers have been constructed at 

several of these facilities in locations with annual precipitation totals less than 20 inches, and in a 

few locations less than 10 inches.  Arid settings with low precipitation, high average 

temperatures, high solar radiation, and high evaporation potential are positive factors in the long-

term performance of a monolithic ET cover. 

Vegetation becomes established slowly on disturbed areas in a hot, dry desert climate, perhaps 

taking 10 years or more.  For example, the USEN Trench 10 cover sideslopes were regraded in 

1998.  Ten years later that cover does have some sideslope plant growth, but the plant density is 

much less than in undisturbed areas in the surrounding desert.  During the vegetation 

establishment period in the early years after closure, performance of a landfill cover as a 

hydraulic barrier will rely primarily on evaporation to remove stored infiltration.  The long-term 

performance of arid region covers that perform acceptably without vegetation during the early 

years undoubtedly will improve as vegetation becomes established and plant transpiration 

becomes significant. 

Section 4, Technical Basis for Cover Design, presents the results of analytical steps undertaken 

to design the alternative final covers for Trenches 11 and 12. 

 



USEN Hazardous Waste Management Facility Trench 11 and 12 Final Covers 
Beatty, Nevada 
 

 Page 8 April 2008 

Table 1:  Selected Arid and Semi-Arid Region Monolithic ET Alternate Final Covers 
Name and Location Landfill Type Cover Type Regulatory Status Rainfall

(in/yr) 
Percolation

(mm/yr) 
Cover Description and Construction 

Status 
Apple Valley Landfill CA, Apple Valley MSW ET, monolithic AFC research 5.4 NA Demonstration, 3.0 feet thick cover installed in 

2002 

Altamont Landfill CA, Livermore Nonhaz waste ET, monolithic AFC research 13.4 1.5 Demonstration, 3.5 feet thick cover installed in 
2001 

Phelan Landfill CA, Phelan MSW ET, monolithic AFC research 5.6 0.8 to 11.7* Demonstration, 5.0 feet thick cover installed in 
1998 

Milliken Landfill CA, San Bernardino MSW ET, monolithic AFC research 12.0 0.8 to 6.6 Demonstration, 5.0 feet thick cover installed in 
1997 

Rocky Mountain Arsenal Landfill CO, Denver Hazwaste ET, monolithic AFC research 15.6 <1.3mm Demonstration, 3.5-4.0 feet thick cover installed 
in 1998 

US Ecology of Idaho, Site B Test Pad ID, Grand View Hazwaste ET, monolithic AFC research 7.1 <<3.2 Demonstration, 5.0 feet thick cover installed in 
2000 

Kirtland Municipal Waste Landfill NM, Albuquerque MSW ET, monolithic AFC research 8.5 NA Full scale, cover over waste installed in 2002 

Area 3 Radioactive Waste 
Management Site NV, Nye County Radwaste ET, monolithic AFC research 5.3 NA Demonstration, 8.0 feet thick covers 

Finley Buttes Regional Landfill OR, Boardman MSW ET, monolithic AFC research 8.7 <<1.0 Demonstration, 4.0 feet thick cover over waste 
installed in 2000 

Lopez Canyon Sanitary Landfill CA, Los Angeles MSW ET, monolithic Approved, CA RWQCB 17.0 NA Full scale, 3.0 feet thick cover over waste 
installed in 1999 

Denver Arapaho Disposal Site CO, Aurora MSW ET, monolithic Approved, CO DPHE 14.0 NA Full scale, 4.0 feet thick cover over waste 
installed in 2002 

Rocky Mountain Arsenal Landfill CO, Denver Hazwaste ET, monolithic Approved, CO DPHE 15.6 NA Full scale, cover construction began in 2007 

US Ecology of Idaho, Trenches 10 & 
11 ID, Grand View Hazwaste ET, monolithic Approved, ID DEQ 7.1 NA Full scale, 5.0 feet thick cover over waste 

installed in 2000 

Mr. M Landfill MT, Lewiston MSW ET, monolithic Approved, MT DEQ 18.0 NA Full scale, 3.0 feet thick cover over waste 
installed in 2000 

Sandia Chemical Waste Landfill NM, Albuquerque Hazwaste ET, monolithic Approved, NM ED 8.5 NA Demonstration, cover approved as a corrective 
measure 

Kirtland AFB Landfill Closures NM, Albuquerque Hazwaste and 
Nonhaz waste ET, monolithic Approved, NM ED 8.5 NA Demonstrations, covers approved as corrective 

measure for three landfills 

Los Alamos County Landfill NM, Los Alamos MSW ET, Monolithic Approved, NMED 18.2 NA Full scale, 3.0 feet thick cover installed in 2007.  

Operating Industries, Inc. Landfill CA, Monterey Park MSW ET, monolithic Approved, USEPA 18.5 NA Demonstration, 4.0 feet (min) thick cover 
constructed in 2000 

 
NA = information not available << = much less than *  Reported value is for 1997-1998, and not a long-term average. 
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3. FINAL LANDFILL COVER FOR TRENCHES 11 AND 12 

3.1 COVER DESIGN CONCEPT 

The arid-region final cover design for Trenches 11 and 12 at the USEN Beatty facility, 

acknowledged as one of the most arid areas within the continental U.S., is consistent with 

applicable regulatory requirements that allow for regulatory agency approval of alternative cover 

designs.  Based upon discussions between USEN and the Nevada Division of Environmental 

Protection (NDEP) during the design process, the configuration presented in this design basis 

and specification is consistent with these requirements. 

In addition to being consistent with RCRA regulation requirements, the final covers for Trenches 

11 and 12 were designed consider the following expectations. 

• The cover should be constructed from a combination of natural soils selected to limit the 
amount of infiltration of precipitation into the waste and to provide long-term separation 
between the disposed waste materials and the environment. 

• The cover should have stable, low-maintenance slopes, considering normal static loading 
and seismic-induced loading associated with the prescribed design conditions. 

• The structure should be capable of being constructed by experienced contractors using 
conventional construction equipment. 

• The disposal structure, including the final cover, should be designed and constructed to 
be entirely located within the legal metes and bounds of the facility property. 

3.2 COVER DESIGN DESCRIPTION 

When waste and backfill are approximately three feet below the designed top of waste elevation, 

final waste placement will begin.  At that time, waste and backfill will be mounded toward the 

middle of the active area to the design maximum waste elevations.  As the final waste placement 

and slope configuration is reached, the last portion of the first layer of the final cover (Interim 

Layer) will be placed over the disposed waste.  When the maximum waste height has been 

reached, the final cover layer will be placed over the first layer.  The final cover soil layers will 

store infiltrating precipitation and release it again to the atmosphere by evaporation and 

transpiration.  



USEN Hazardous Waste Management Facility Trench 11 and 12 Final Covers 
Beatty, Nevada  
 

 Page 10 April 2008 

Control of percolation into the closed trench will be provided by constructing the cover with 

materials that combine to provide a final cover system that holds precipitation water that 

infiltrates into the cover, and returns the majority of that water to the atmosphere through the 

combined processes of evaporation and plant transpiration.  These combined processes will 

control the remaining water that could percolate into the disposed waste to an amount that, given 

the thickness and relative dryness of disposed waste, is unlikely to result in generation of 

significant leachate volumes. 

From bottom to top, the components of the arid region final cover are as follows. 

• Interim Cover Soil Layer.  The first layer of the final cover is a lightly compacted 
native soil layer that provides waste containment during disposal operations and, in 
conjunction with the Final Cover Layer, retards the downward movement of infiltrating 
water by providing temporary water-storage, which allows stored water to be returned to 
the atmosphere by evaporation and plant transpiration.  This layer will be at least 12-
inches (1.0 foot) thick and extend across the cover to the natural ground surface on all 
sides of the trenches. 

• Final Cover Soil Layer.  This upper layer is a lightly compacted soil layer that resists 
erosion and, in conjunction with the Interim Cover Layer, retards the downward 
movement of infiltrating water by providing temporary water-storage, and allowing 
stored water to be returned to the atmosphere by evaporation and plant transpiration.  
This layer will vary in thickness to allow the cover to be shaped; however, the layer will 
be least 24-inches (2.0 feet) thick.  This layer will extend across the cover to the natural 
ground surface on all sides of the trenches. 

Trench closure will be considered complete when the final design slopes have been established 

on the Final Cover layer.  Post-closure inspection and maintenance will be performed in a 

manner and on a schedule that will be similar to that for other closed landfill units at the facility.  

With the design features presented in this report, the closed disposal facility will provide low-

maintenance waste containment and the requisite long-term environmental protections. 

Verification of post-closure performance of the final cover will be provided by the combination 

of leachate monitoring (quality and quantity) and groundwater monitoring.  Leachate monitoring 

and response to unexpected changes in either leachate quantity or quality will be addressed in the 

Response Action Plan (RAP) that is to be completed 60-days before waste is accepted for 

disposal in Trench 12. 
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Other aspects of the long-term performance of the final covers will be addressed under the plans 

for post-closure care for Trenches 11 and 12.  Although the final cover design process has taken 

erosion, settlement, and slope instability into consideration and has determined that these natural 

processes are not expected to result in unacceptable changes to the final covers, the post-closure 

care plans will describe the process by which any such unexpected and unacceptable changes 

would be identified and corrected. 
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4. TECHNICAL BASIS FOR COVER DESIGN 

4.1 MOISTURE RETENTION PROPERTIES 

The long-term performance of the arid-region alternative final cover is determined by 

consideration of infiltration of precipitation, moisture retention in the cover soil, moisture 

removal by evapotranspiration, and potential (estimated) percolation into waste.  These factors 

have been evaluated using two models, the quasi-two-dimensional water-balance HELP model 

and the one-dimensional Richards equation UNSAT-H model.  These models simulate water 

flow into and out of the proposed final cover and were used to predict performance of the 

proposed ET cover and the conventional RCRA cover for the Trench 12 design, as submitted to 

NDEP in 1996.  

Climate is very important in both moisture movement models.  The HELP model uses monthly 

data as its climate input and includes an extensive database of climatic information for different 

U.S. geographic locations.  The regional default climate databases include precipitation, 

temperature, solar radiation, and evapotranspiration data.  For southern Nevada, this database 

includes climatic data for Las Vegas.  The Las Vegas area, with average annual precipitation of 

about 4.5 inches, is a reasonable surrogate for the USEN site area which has an annual average 

of 4.25 inches precipitation.  HELP then uses the Las Vegas area data to develop a synthetic 

climate history for the period of time selected for model runs. 

UNSAT-H has no internal climate database, instead requiring that site-specific, daily data be 

developed and entered.  For these data, a synthetic climate history was developed using the 

results of actual daily measurements made at an on-site weather station during recent years, 

which included extreme dry and wet years, as well as near-normal years.  
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The HELP model compared long-term performance of different cover types.  The UNSAT-H 

model, with its use of site-specific climate and soil data, provides a more accurate estimate of 

percolation for the monolithic ET cover under consideration4. 

4.1.1 Approach 

Percolation estimates assess the suitability of alternate cover configurations that achieve the 

objective of “long-term minimization of migration of liquids through the closed landfill.” 

Liquids first must move through the final cover and into waste and then through waste before 

reaching a leachate collection system.  Moisture movement through dry waste will be deterred by 

the same processes that retain moisture within the cover soil.  But, if moisture ultimately reaches 

the leachate collection system, its occurrence as leachate in the landfill LCRS or LDS (leachate 

collection and recovery system or leak detection system) does not indicate that a release to the 

environment is imminent.  Rather, the presence and accumulation of leachate in those systems 

increases the potential that such a release could occur.  An important step in reducing the 

potential for such a release to the environment is the use of a final landfill cover that reduces 

liquid percolation through the cover to a practical low value.  For ET covers in arid regions, 

percolation through covers in a given year will range from much less than 10 millimeters to more 

than 10 millimeters per year.  Annual percolation values will vary in response to the occurrence 

of unusually wet or dry years, so this quantifiable measure of performance is not a specific value 

for a single year, but an average value over a reasonably long period of time, perhaps 10 or more 

years. 

It can be useful to use mathematical models to estimate moisture movement into and out of 

monolithic and multi-component covers and make simple comparisons of percolation (moisture 

flux) as a measure of cover performance.  The important outcome of this comparison is 

identifying acceptable final covers that minimize percolation under a reasonable range of 

climatic condition variations.   

                                                 
4  Nichols, W. (1991), Comparative Simulations of a Two-Layer Landfill Barrier Using the HELP v. 2.0 and 

UNSAT-H v. 2.0 Codes. Pacific Northwest Laboratory, Richland, WA. 
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USEPA, in its 2002 Draft RCRA Guidance for Landfill Covers, entitled “Technical Guidance for 

RCRA/CERCLA Covers,” (EPA Draft Guidance) suggests that two models be used to provide 

comparative results for performance of a landfill cover design.  Previous modeling efforts that 

simulate infiltration into the waste for other cover design concepts at the Beatty facility have 

used the HELP model.  EPA’s Draft Guidance lists the HELP model for purposes of cover 

performance modeling.  Another program listed in the EPA Draft Guidance is UNSAT-H.  

Recommendations have been made by other researchers that suggest the UNSAT-H model will 

provide more accurate estimations of deep percolation.  The following publications provide 

further details on these models. 

• UNSAT-H Version 2.03:  Fayer, M.J. and T.L. Jones.  1990.  UNSAT-H Version 2.0: 
Unsaturated Soil Water and Heat Flow Model.  PNL-6779, Pacific Northwest Laboratory, 
Richland, Washington. 

• HELP Version 3.07:  Schroeder, P.R., Dozier, T.S., Zappi, P.A., McEnroe, B.M., 
Sjostrom, J.W. and Peton, R.L.  1994.  "The Hydrologic Evaluation of Landfill 
Performance (HELP) Model:  Engineering Documentation for Version 3", EPA/600/R-
94/168B, U.S. Environmental Protection Agency, Risk Reduction Engineering 
Laboratory, Cincinnati, OH. 

The HELP model is an “enhanced water-balance model” and the UNSAT-H model is a 

“Richards equation-based model”5.  The HELP user’s manual describes its model as “a quasi-

two-dimensional hydrologic model for conducting water balance analysis of landfills, cover 

systems, and other solid waste containment facilities…  The primary purpose of the model is to 

assist in the comparison of design alternatives.”  The 2003 ITRC regulatory guidance describes 

the UNSAT-H model as “more physically correct for characterizing water movement than 

[water-balance] models.”  Further, ITRC says that, “Richards equation models can predict flux 

for soil moisture values less than field capacity” and can “capture the dynamics of varying soil 

types and their potential impact on water flux.”  Both HELP and UNSAT-H yield estimates of 

percolation of liquid from the base of the cover components into the waste layer.  

                                                 

5 ITRC, 2003 Technical and Regulatory Guidance for Design, Installation, and Monitoring of Alternative Final 
Landfill Covers 
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Thirty (30) years was selected as the modeled time period for both models.  That time period 

corresponds to the basic post-closure care period in RCRA regulations and provides a reasonable 

period of time over which long-term percolation can be estimated.  The results of the modeling 

effort conducted are summarized below.  Representative model input and output information is 

included in Appendix 2. 

4.1.2 HELP Modeling Summary 

4.1.2.1 Climate Data 

The HELP model provides default input of various weather data, including evapotranspiration, 

precipitation, temperature, and solar radiation.  Climate data for Las Vegas, Nevada were chosen 

to represent conditions at the USEN facility.  Data for this geographic location also were used for 

precipitation, temperature, and solar radiation.  The HELP model stochastically generated 30 

years of precipitation, temperature, and solar radiation data using a synthetic weather generator.   

Evapotranspiration is addressed in HELP by choices of evaporative zone depth and maximum 

leaf area index.  Since plant establishment on an arid region alternative cover is expected to be 

non-existent or sparse for the first years following cover placement, an evaporative zone depth of 

24 inches and a maximum leaf area index of 0.0 were chosen (representing bare soil conditions).  

The model was run for a 36-inch thick monolithic ET cover, a 36-inch thick ET cover with 

capillary barrier, and the 1996 RCRA cap. 

4.1.2.2 Physical Data 

The HELP model was run for each cover type for 30 years with unvegetated conditions.  Since 

vegetation establishment actually would begin sooner than 30 years and vegetation would 

remove moisture from the soil through transpiration, considering unvegetated conditions for the 

full modeled time period adds conservatism to the percolation estimates.  Soil characteristics 

considered in modeling included the results of testing Trench 12 area samples supplemented with 

soil properties reported in published studies of the Beatty facility6.  Other soil properties used 

                                                 
6  Andraski, B.J., Properties and Variability of Soil and Trench Fill at an Arid Waste-Burial Site, Published in Soil 

Science Soc. Am. J. 60:54-66.  1996. 
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included soil layer type, thickness, soil texture, and initial volumetric soil water content.  The 

surface-water runoff curve number was determined based on cover conditions and geometry. 

4.1.2.3 Modeling Approach 

Three cover scenarios were considered in HELP, including the prescriptive (conventional) 

RCRA Subtitle C cap that was conditionally approved in the 1996 Trench 12 Design submittal, 

an ET cover with a capillary break, and a monolithic ET cover.  Modeling was performed for a 

total of 30 years, with the cover in the initial development stage (assuming no vegetation). 

4.1.2.4 Model Result 

The HELP model shows that a three-feet (36-inch) thick monolithic soil ET Cover limits 

maximum potential percolation through the cover to 0.16 millimeters in any single year and to an 

average annual percolation of just 0.005 millimeters per year (mm/year) over the 30-year period 

modeled.  These maximum and average infiltration amounts likely are too small to be 

measurable in the field.  Also, there essentially is no run-off from the modeled flat covers in any 

year modeled, so the majority of precipitation is temporarily held in the cover and then lost to 

evapotranspiration.  The monolithic cover performs better than an ET cover with capillary break 

(average annual percolation estimate of 0.12 mm/year).  Either ET cover virtually eliminates 

percolation, even when the modeled scenarios do not consider vegetation.  While the HELP 

model artificially limits water content in the soil to values that are not below the wilting point, 

research observations show that water content actually does decrease to values below the wilting 

point because of evaporation and the capacity of some native desert plants to obtain moisture at 

moisture tensions that exceed the typical wilting point for particular soil types.  Thus, the model 

actually considers moisture to be present at times when soil moisture likely has been exhausted.  

This generates even greater conservatism in the percolation predicted by the HELP model.  

HELP modeling shows that the 1996 RCRA Cover also is effective in limiting percolation.  This 

cover profile contains a low permeability geosynthetic clay liner that theoretically blocks 

percolation.  However, the model does not consider all possible effects on the permeability of 

this liner (i.e., permeability increases) that could result from construction damage, aging, or 

desiccation. 
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The predicted percolation rates for the RCRA Cover, ET Cover with capillary break, and 

monolithic ET Cover are shown below on Table 2, the “HELP Model Percolation Output.” 

The percolation estimate increase at year 30 is not an expected result, particularly since it occurs 

following annual precipitation events that are not unique in the 30-year synthetic climate history.  

Also, no buildup toward the increase is seen in the preceding modeling results.  This appears to 

be an issue with the HELP model rather than an event that correlates with actual precipitation 

events or other site factors.  However, the magnitude of the increase is small and has little effect 

on the average annual percolation volume for either of the ET Covers modeled. 
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Table 2:  HELP Model Percolation Output – 30 Years, No Vegetation 

Year Precipitation RCRA Subtitle C Cover ET Cover with Capillary 
        Break ET Monolithic Cover 

  (inches/year) (mm/year) (inches/year) (mm/year) (inches/year) (mm/year) 
1 2.80 0.000000 0.00000 0.000031 0.00079 0.000000 0.00000 
2 4.81 0.000000 0.00000 0.000036 0.00091 0.000000 0.00000 
3 3.38 0.000001 0.00003 0.000036 0.00091 0.000000 0.00000 
4 7.19 0.000001 0.00003 0.000038 0.00097 0.000000 0.00000 
5 3.76 0.000001 0.00003 0.000038 0.00097 0.000000 0.00000 
6 4.98 0.000001 0.00003 0.000040 0.00102 0.000000 0.00000 
7 3.63 0.000001 0.00003 0.000039 0.00099 0.000001 0.00003 
8 4.03 0.000001 0.00003 0.000039 0.00099 0.000000 0.00000 
9 3.49 0.000001 0.00003 0.000040 0.00102 0.000000 0.00000 

10 4.23 0.000001 0.00003 0.000040 0.00102 0.000000 0.00000 
11 8.71 0.000001 0.00003 0.000040 0.00102 0.000000 0.00000 
12 3.33 0.000001 0.00003 0.000047 0.00119 0.000000 0.00000 
13 2.58 0.000000 0.00000 0.000045 0.00114 0.000000 0.00000 
14 3.92 0.000001 0.00003 0.000046 0.00117 0.000000 0.00000 
15 4.26 0.000001 0.00003 0.000046 0.00117 0.000000 0.00000 
16 3.66 0.000001 0.00003 0.000046 0.00117 0.000000 0.00000 
17 2.71 0.000001 0.00003 0.000046 0.00117 0.000000 0.00000 
18 3.73 0.000001 0.00003 0.000047 0.00119 0.000000 0.00000 
19 3.61 0.000001 0.00003 0.000047 0.00119 0.000000 0.00000 
20 2.05 0.000001 0.00003 0.000047 0.00119 0.000000 0.00000 
21 2.33 0.000000 0.00000 0.000047 0.00119 0.000000 0.00000 
22 4.05 0.000000 0.00000 0.000048 0.00122 0.000001 0.00003 
23 2.86 0.000001 0.00003 0.000052 0.00132 0.000000 0.00000 
24 5.62 0.000001 0.00003 0.000051 0.00130 0.000000 0.00000 
25 3.67 0.000001 0.00003 0.000054 0.00137 0.000001 0.00003 
26 4.54 0.000001 0.00003 0.000055 0.00140 0.000000 0.00000 
27 4.20 0.000001 0.00003 0.000054 0.00137 0.000000 0.00000 
28 2.55 0.000001 0.00003 0.000054 0.00137 0.000000 0.00000 
29 5.56 0.000001 0.00003 0.000055 0.00140 0.000000 0.00000 
30 4.90 0.000001 0.00003 0.141391 3.59133 0.006211 0.15776 

 Yearly Averages: (mm/year) 0.000021  0.120815  0.005261 
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4.1.3 UNSAT-H Modeling Summary 

4.1.3.1 Climate Data 

EPA’s Draft Guidance recommends that modeling consider critical infiltration events that could 

result in percolation, including instances when precipitation equals or exceeds potential 

evapotranspiration (PET).  Site-specific meteorological data were obtained from publications of 

the United States Geological Survey (USGS) Amargosa Desert Research Site (ADRS) located at 

the USEN Beatty facility.  Available meteorological data for the ADRS includes 1978 to 1980 

and 1986 to 2005.  These data were used to describe representative annual precipitation.  These 

data, and pertinent ADRS publications, confirm that annual PET at the Beatty site far exceeds 

the annual precipitation total even in unusually wet years. 

A synthetic climate history was developed and used in the UNSAT-H model by considering 

repetitions of an above-average precipitation year (1998, one of the highest precipitation year on 

record), a below-average precipitation year (2002, one of the lowest precipitation years on 

record), and a near-average precipitation year (2000).  The recorded daily rainfall amounts for 

“near-average” year 2000 (totaling 3.61 inches) were adjusted to 4.25 inches, which is the 30-

year average for the site7.  Other daily climatic factors associated with the 2000 rainfall events 

that are input to UNSAT-H were not adjusted. 

Table 3 indicates how the actual daily ADRS weather observations for 1998, 2000, and 2002 

were repeated and grouped to provide a conservative synthetic 10-year climate record.  To model 

30 years of moisture movement in the final cover using UNSAT-H, this 10-year climate record 

was repeated three times.   

                                                 

7  Scanlon, B.R., K. Keese, R.C. Reedy, J. Simunek, and B.J. Andraski, 2003.  “Variations in flow and transport in 
thick desert vadose zones in response to paleoclimatic forcing (0-90 kyr):  Field measurements, modeling, and 
uncertainties.”  Water Resources Research, Vol. 39, No. 7. 
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Table 3:  Synthetic Precipitation History Used in UNSAT-H Model 

 
Model Year Precipitation Type Precipitation Total (inches) 

Year 1 Normal Year (2000) 4.25* 

Year 2 Normal Year 2000) 4.25* 

Year 3 Wet Year (1998) 7.65 

Year 4 Wet Year (1998) 7.65 

Year 5 Normal Year (2000) 4.25* 

Year 6 Dry Year (2002) 0.14 

Year 7 Wet Year (1998) 7.65 

Year 8 Wet Year (1998) 7.65 

Year 9 Normal Year (2000) 4.25* 

Year 10 Normal Year (2000) 4.25* 

* Adjusted total annual rainfall 

The conservatism incorporated into this synthetic climate history can be seen if the discontinuous 

ADRS climate record from 1978 to 2005 is considered together with precipitation data from 

“Amargosa Farms Garey Nevada,” to form a continuous 28-year precipitation record.  The 

Amargosa Farms station is a private weather monitoring station located about 12 miles southeast 

of the USEN facility.  In this combined record of actual precipitation at (or near) the USEN 

facility, it is seen that: 

• During the 28-year period, there were only three years (1978, 1983, and 1984) that were 
as wet as 1998, and this much precipitation occurred in consecutive years only once; and 

• During the same 28-year period, there were no other years as dry as 2002. 

The 30-year synthetic climate history included six instances where “wet years” occurred 

sequentially, for a total of 12 “wet years,” whereas the actual precipitation history included only 

four “wet years.”  Also, the synthetic climate history included three “very dry years,” where the 

actual precipitation history included only one “very dry year.”  The combined effects of multiple, 

consecutive “wet years” and infrequent “very dry years” (once in every ten years) adds 

conservatism to the UNSAT-H percolation estimates. 
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As EPA’s Draft Guidance notes, critical infiltration events that could result in percolation are 

those when precipitation equals or exceeds PET.  Such events are rare in the Amargosa Desert, 

but the 1998 record, considered to have been a ‘strong El Nino year,’ did include rainy periods 

that could be characterized as such.  Between January 29 and February 24, there were 13 days 

with measureable rainfall, and there were nine days with measurable rain during March.  This 

series of 1998 critical infiltration events is repeated 12 times in the 30 year synthetic climate 

record. 

4.1.3.2 Physical Data 

Physical data used in the UNSAT-H model include the combination of site-specific materials 

data for Trench 11 and 12 and materials data obtained over several years of USGS research at 

the ADRS.  At its ADRS website (http://nevada.usgs.gov/adrs/results.htm), USGS provides 

examples of regulator and industry comments concerning the value of ADRS research to the 

evaluation of alternative landfill covers.  For example, the following quote is attributed to a 

regulator at the Montana Department of Environmental Quality, a State where ET covers have 

been tested and approved for use at some sites. 

"The ADRS studies provide valuable guidelines that help establish regulatory minimums 
on demonstrations of adequate design, numerical modeling, and performance 
monitoring for alternative evapotranspiration (ET) landfill caps.  The high quality, in-
situ data on long-term soil- water movement verifies the realistic range of critical model 
parameters for the dry and sparse-vegetation conditions that often prevail in parts of 
Montana.  The ADRS studies also provide insights on the effects of plants and soil 
properties on cap performance, and suggest that ET cap performance may actually 
improve over the 30 years of landfill post-closure care." 

In UNSAT-H, the nature and thickness of the cover is defined by a series of nodes.  The nodes 

are spaced vertically downward from the surface to the bottom of the cover.  Nodal spacing is 

very small near boundaries between different material type layers and larger in areas where there 

are no transitions.  Nodes were established through the cover profile, and properties were 

assigned at each node.  Since a monolithic ET Cover was modeled in the arid-region cover 

analysis, only one set of soil properties was needed.  The cover soil properties listed below are 
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site-specific data taken from peer-reviewed scientific journal articles, including Scanlon, et al 

(2003)8.  

 
K 

(cm/hr) 
α 

(1/cm) 
N 

(dimensionless) θr θs 

1.79 0.026 1.42 0.026 0.29 

 
K = Saturated hydraulic conductivity 
α = Coefficient of van Genuchten function 
N = Coefficient of van Genuchten function 
θr = Residual water content (volumetric) 
θs = Saturated water content (volumetric) 

Additional requirements for the UNSAT-H model include initial head conditions in the soil and 

the hydraulic properties of the soil.  The UNSAT-H model recommends runs with initial heads at 

wilting point pressures (15,000 cm suction head) and at a point (5,000 cm suction head) that is 

between wilting point and field capacity (330 cm suction head).  For conservatism in modeling 

the Arid-Region Cover, no vegetation was modeled in the analyses.   

4.1.3.3 Modeling Approach 

The proposed monolithic Arid-Region Cover water flux capabilities were modeled for a 

performance period of 30 years.  All model runs were for three feet (36 inches) of ET Cover and 

unvegetated conditions.  The suction head in near-surface soils was determined to be very high, 

even greater than wilting point, which would severely limit plant growth and associated 

transpiration.   

4.1.3.4 Modeling Results 

The UNSAT-H model of the ET Cover showed that the three-feet (36-inch) thick monolithic ET 

Cover was sufficient to limit drainage (percolation) through the bottom of the cover and into the 

                                                 

8  Scanlon, B.R., K. Keese, R.C. Reedy, J. Simunek, and B.J. Andraski, 2003.  “Variations in flow and transport in 
thick desert vadose zones in response to paleoclimatic forcing (0-90 kyr):  Field measurements, modeling, and 
uncertainties.”  Water Resources Research, Vol. 39, No. 7. 
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waste to very small amounts.  The modeling was conservative since the presence of vegetation 

was not considered.  The following table (Table 4) shows the predicted cumulative amount of 

percolation through the cover at the end of each year modeled. 

Table 4:  ET Cover Percolation Predictions by UNSAT-H 

 

Modeled Year Precipitation Type Predicted Percolation 
(mm/year) 

1 Normal 0.456 
2 Normal 0.304 
3 Wet 1.973 
4 Wet 2.029 
5 Normal 0.319 
6 Very Dry 0.018 
7 Wet 1.466 
8 Wet 2.028 
9 Normal 0.319 
10 Normal 0.302 
11 Normal 0.301 
12 Normal 0.301 
13 Wet 1.973 
14 Wet 2.029 
15 Normal 0.319 
16 Very Dry 0.018 
17 Wet 1.466 
18 Wet 2.028 
19 Normal 0.319 
20 Normal 0.302 
21 Normal 0.301 
22 Normal 0.301 
23 Wet 1.973 
24 Wet 2.029 
25 Normal 0.319 
26 Very Dry 0.018 
27 Wet 1.466 
28 Wet 2.028 
29 Normal 0.319 
30 Normal 0.302 

   
 Average Percolation = 0.911 mm/year 
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The data in the table show that the maximum percolation through a three feet (36-inch) thick 

cover occurs during wet years, and when wet years occur consecutively, the predicted 

percolation approaches 2 mm/year.  The percolation prediction also shows that evaporative 

effects dominate during normal and dry years.  The total run-off amounts predicted by 

UNSAT-H for each of the 30-years considered for the flat covers modeled are much less than 

one percent of total precipitation.  Thus, essentially 100 percent of precipitation is retained in the 

cover soil to ultimately become either percolation or evaporation.  When the 30-years of 

predicted annual percolation amounts are considered together, the average annual percolation 

through the 36-inch thick, monolithic ET cover is under 1.0 mm/year. 

The graph presented below illustrates the downward percolation rates (vertical flux) at increasing 

depths within a three-feet (36-inch thick) final cover after the first instance of two sequential 

“wet years” (i.e., after modeled years three and four).  As the graph shows, vertical flux rates are 

relatively high, in the upper one foot of the cover and decrease to small values (about 2 mm/year) 

approaching the base of the cover at three feet deep.  The graph, which represents conditions 

after two consecutive wet years, is representative of times when percolation from the base of the 

cover is theoretically the highest during the 30 years modeled.  The nature of the curve at nodes 

deeper than about 30 inches indicates that increasing the total cover thickness to values more 

than 36 inches likely would not provide significant performance improvement relative to deep 

percolation.  
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Observing predicted percolation immediately after two consecutive wet years is conservative.  

Performance over a longer period of time is a better measure of final cover performance.  The 

graph below illustrates the downward percolation rates (vertical flux) at increasing depths within 

a three-feet (36-inch thick) final cover after the first 10 years of UNSAT-H modeling.  Because 

of the repetition in the climatic history, performance is essentially identical at the end of years 

10, 20 and 30.  In this instance, the nature of the curve at nodes deeper than about 25 inches 

indicates that the total cover thickness of 36 inches will provide acceptable performance relative 

to deep percolation. 
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Percolation of 10 mm/year is suggested as a reasonable point for comparison for the two 

scenarios.  After two consecutive wet years, percolation is reduced to below 10 mm/year at a 

depth of 30 inches into the cover.  But, after ten years of varied precipitation (including four wet 

years), percolation is reduced to below 10 mm/year at a depth of about 22 inches into the cover.  

When long-term climate conditions and moisture movement are considered, an unvegetated 

cover thickness of 22 inches will reduce percolation to less than 10 mm/year and a final cover 

that is more than 1.5 times thicker, at 36-inches, will reduce percolation to less than 1 mm/year.  

Adding the effect of vegetation coverage would further improve the capacity of the 36-inch thick 

cover to reduce percolation. 

4.1.4 Summary of Moisture Retention Modeling Results 

The two models run for the Beatty ET cover design provided similar results with regard to their 

capacity to limit percolation through the cover.  Both models predict that a three-feet (36-inch) 
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thick monolithic cover, without vegetation, prevents significant percolation of fluids through the 

cover and into waste at the USEN Beatty facility.  The results also indicate that nearly all of the 

precipitation that enters returns to the atmosphere through the combination of evaporation and 

transpiration rather than infiltrating deeply into the cover and percolating into waste.  The results 

likely are conservative because no vegetation was considered in either the HELP or UNSAT-H 

models, so “evapotranspiration” actually was limited to evaporation only.  Also, a HELP model 

limitation prevented it from considering natural drying of cover soil to levels lower than the 

wilting point.  In actuality, vegetation establishment likely will begin in less than 10 years (based 

on USEN experience with closed Trench 10) and moisture content likely will be drier than the 

wilting point during most normal and dry years.  In the UNSAT-H model, weather data were 

used that likely overstate future precipitation. 

The results of the both models suggest that a three feet (36 inch) thick soil cover will provide 

adequate water holding capacity when used in the arid environment of Beatty, Nevada.  Further, 

the modeling shows that liquid movement through this final cover system will be much less than 

10 mm/yr.  The UNSAT-H modeling results for 10-year and 30-year periods predict that liquid 

percolation into the landfilled waste will not exceed 1.0 mm/yr.  Considering Darcy’s Law for 

saturated flow, percolation rates in the range between 10 and 1.0 mm/yr are equivalent to 

effective hydraulic conductivities (permeabilities) between 3.2 x 10-8 and 3.2 x 10-9 cm/sec, 

respectively.  At these effective permeabilities, the final cover is much less permeable and will 

allow even less vertical liquid movement than a compacted clay or geosynthetic cover system 

component with a maximum permeability of 1 x 10-7 cm/sec.  When the presence of just the 

uppermost portion of the thick sequence of dry waste beneath the cover also is considered, the 

effective permeability of the cover system is even lower.  In fact, when the upper part of the dry 

waste is considered, net fluid movement over long periods of time is likely to be vertically 

upward rather than downward. 

The soil cover can be constructed using site soils that contain some fine-grained materials to aid 

in moisture retention and a significant gravel fraction for erosion control and stability.  The 

proposed final cover will:  
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1. Capture and retain the small amounts of precipitation that occur in the arid climate at 
the USEN facility;  

2. Limit runoff, providing native plant species the necessary moisture for establishment; 
and  

3. Limit percolation into the waste layer by providing adequate moisture storage to be 
returned to the atmosphere by evaporation and transpiration. 

Research has shown that, to facilitate vegetation rooting, final cover soil should be relatively 

loose, corresponding to light compaction.  The concept of a “growth-limiting bulk density” 

(GLBD) is that cover soil should not be allowed to be placed or compacted to a density that will 

inhibit root development and the establishment of vegetation.  The GLBD target will vary 

between soil types, but the recommended density range is between 1.1 and 1.5 grams per cubic 

centimeter9.  Considering the soil type considered for the Trench 11 and 12 final covers (as 

characterized by laboratory test results presented in Attachment 1 to the October 2007 “Landfill 

Engineering Report for Trench 12”), the maximum bulk density target is equivalent to an in-

place soil density of about 95 pounds per cubic foot (or less), which in turn is approximately 

equivalent to 80 percent compaction of this soil.  Little compactive effort, primarily 

accomplished by passage of earthmoving equipment rather than use of standard soil compaction 

methods, will provide this level of soil compaction. 

An alternate check on cover design details is a simple consideration of the ability of the soil to 

retain the moisture that could be expected in a single storm event.  This would be those times 

when Potential Evapotranspiration is reduced to essentially zero during a precipitation event.  

The 24-hour, 25-year design storm for the USEN Beatty facility is about two inches.  Using the 

design estimate method from the EPA Draft Guidance, the necessary minimum thickness of a 

cover can be estimated as: 

                                                 
9  Interstate Technical and Regulatory Council, December 2003.  “Technical and Regulatory Guidance for Design, 

Installation, and Monitoring of Alternative Final Landfill Covers,” Section 5.3.1, “Placement of Natural 
Materials.”   
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Thickness of cover = (Rainfall event) ÷ (Moisture Holding Capacity) 

Where the moisture holding capacity is calculated from the difference between the field capacity 

and wilting point.  

Rearranging the equation, and considering a cover thickness of 36 inches and a 2-inch design 

rainfall, the moisture holding capacity (i.e., the difference between the field capacity and wilting 

point) that must be provided by the cover in order to hold the design rainfall should be at least: 

Moisture Holding Capacity (needed) =  Rainfall event ÷ Thickness of cover  

 =  2” ÷ 36” 

 =  0.0556 or 5.56% (by volume). 

Soils at the US Ecology Beatty facility are anticipated to have volumetric moisture contents at 

field capacity of 22% and at wilting point of 11%10.  The difference between field capacity and 

wilting point (i.e., moisture holding capacity) is 0.11 or 11% (by volume).  Thus, a 36-inch thick 

soil cover made from Beatty facility soil, if at wilting point when rainfall begins, has a moisture 

holding capacity of about 11% of its 36 inch thickness, or about 4.0 inches.  This moisture 

holding capacity is sufficient to retain the two-inch design storm.  Since the moisture content of 

facility soil is often below the wilting point, additional moisture holding capacity would be 

available during much of a typical year.   

4.2 SURFACE EROSION 

Soil erosion occurs as the removal of soil particles at the ground surface by water or wind.  In 

this section, water erosion and wind erosion are considered using accepted erosion estimation 

methods and estimates of site-specific conditions.  Initial water erosion of soil occurs as sheet 

and rill erosion, that are defined as the removal of layers of soil from the land surface by the 

action of rainfall and runoff.  This type of erosion occurs when rainfall exceeds infiltration.  

                                                 

10  Schroeder, P.R., et al., 1994.  "The Hydrologic Evaluation of Landfill Performance (HELP) Model:  
Engineering Documentation for Version 3", EPA/600/R-94/168B, USEPA Risk Reduction Engineering 
Laboratory, Cincinnati, OH. 
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Wind erosion is the removal of soil particles by air, also a moving fluid.  Wind erosion primarily 

affects arid and semi-arid regions because the surface in these areas frequently is poorly 

vegetated.  The models used determine a soil erosion rate that quantifies removal of surface soil 

from a unit surface area per unit time. 

4.2.1 Erosion by Water 

4.2.1.1 Evaluation Method 

The U.S. Natural Resources Conservation Service (NRCS) Revised Universal Soil Loss 

Equation (RUSLE2)11 was used to estimate soil erosion by water possible from the proposed 

final cover design of Trenches 11 and 12 at the USEN Beatty facility.  RUSLE2 uses a region-

specific database that contains a wide geographic range of values for soil properties, rainfall, 

slopes, and ground cover to estimate soil loss, sediment yield, and sediment characteristics from 

rill and inter-rill (sheet) erosion caused by rainfall and associated overland flow.  The RUSLE2 

equation is:  

A = RKLSCP 

Where 

A = computed average annual soil loss 

R = rainfall runoff erosivity factor 

K = soil erodibility factor 

LS = length-slope factor 

C = cover management factor 

P = supporting practices factor 

Factor LS, slope angle and length, is a site-specific input added by the user.  The RUSLE2 

computer model uses its internal, region-specific, database information to provide the model with 

appropriate values for the R, K, C, and P factors, as is noted below.  

                                                 

11 http://www.ars.usda.gov/Research/docs.htm?docid=6010  
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• Climate:  RUSLE2 uses an internal database for site climatic data.  For the USEN 
facility, the location “USA\Nevada\Nye County/NV-Nye R3” was chosen.   

• Soil:  The soil survey for Nye County, Southwest Part was used to determine the soil type 
prevalent at the USEN facility.  The prevalent soil type and the one used in RUSLE2 is 
the Yermo, hot-Yermo-Arizo association. 

• Crop Management:  The crop management zone was set using the construction site 
template provided in RUSLE2 for CMZ Zone 31 and assumes contouring with no row 
grading.  The construction site template assumes newly disturbed soil with no vegetation. 

For modeling Trenches 11 and 12 final covers, three slopes were analyzed.  Those were the 2:1, 

3:1, and 20:1 slopes that are present on each cover.  In each case, the longest slope length for 

each slope type was assumed as a worst-case scenario.  The calculation in Appendix 2 identifies 

the longest slope lengths applicable to each cover slope segment that was considered in the 

RUSLE2 model. 

4.2.1.2 Soil Erosion Estimate 

Soil erodibility by water was calculated first using soil type and hydrologic class for the Yermo, 

hot-Yermo-Arizo soil association (the surface soil type identified by NRCS as present at the site) 

and then using a generic soil type, “gravely sand 15 to 60 percent coarse fragments,” that more 

closely approximated the soil gradation that is expected to be used for cover construction.  Soil 

to be used to construct the Trench 11 and Trench 12 covers will be taken not only from the 

surface, but also from the subsurface excavation for Trench 12.  Accordingly, the erosion 

estimate was made for the generic soil type choice within RUSLE2 rather than the Yermo 

surface soil.  

RUSLE2 also allows the user to specify a rock cover to reduce erodibilty where the surficial soil 

beneath such cover is expected to be too erodible.  A 100 percent rock cover surface was 

modeled to assess the possible benefit of such surface protection.  Rock is defined by RUSLE2 

as non-decomposing surface material that is sufficiently large not to be moved by raindrop 

impact or surface runoff.  The minimum rock size considered was 10 millimeter, or 3/8-inch 

diameter.  The analysis first was run assuming no rock cover, and then again using 100 percent 
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rock cover for each slope segment.  The results of these analyses are shown on “RUSLE2 

Erosion Calculation Record” sheets in Appendix 2.  

All but one of the erosion rates calculated by RUSLE2 were less than the two tons per acre per 

year USEPA-recommended maximum rate12.  The “Yermo” soil with about 200 feet of 3:1 slope 

eroded at 2.2 tons per acre per year, assuming that there is no rock cover.  With 100 percent rock 

cover, all soil erosion losses were below the USEPA recommended two tons per acre per year.   

4.2.2 Erosion by Wind 

The U.S. Natural Resources Conservation Service (NRCS) Wind Erosion Prediction System 

(WEPS) model was used for this analysis.  WEPS is intended to estimate erosion from flat-lying 

agricultural fields that are managed for production of various crop types.  The model allows for 

consideration of certain topographic features that modify wind direction and velocity, but cannot 

consider complex geometric shapes, such as a landfill cover.  Also, the agricultural nature of the 

surface preparation and crop management inputs to the model might not accurately reflect the 

early history of a closed landfill.  As a result, the accuracy of the wind erosion estimate must be 

considered uncertain.  For later comparison to the model’s soil loss estimate, it is important to 

note that natural soil loss from desert soil type present in the site area is five tons per acre per 

year.13  

4.2.2.1 Evaluation Method 

WEPS is used to estimate expected soil loss (as soil weight per surface area unit) based on soil 

properties, wind and climate history for a local weather station, and site geography.  The Wind 

Erosion Equation (WEQ) upon which WEPS is based is widely used for estimating soil loss by 

wind from agricultural fields.  The functional form of WEQ is:  

E = f ( I, C, K, L, V ) 

                                                 
12  USEPA, October 1985.  Handbook Remedial Action at Waste Disposal Sites (Revised).   EPA/625/6-85/006. 

13  Bechtel SAIC Company, LLC, September 2006.  Soil-Related Input Parameters for the Biosphere Model. 
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Where, E is the average soil loss (tons/acre/year), I is the soil erodibility, K is the soil ridge 

roughness, C is the climatic factor, L is the field length along the prevailing wind erosion 

direction, and V is the vegetative factor.  

WEPS is a process-based, daily time-step model that simulates weather, field conditions, and 

erosion to predict wind erosion.  The WEPS model allows the use of uploaded region-specific 

database information to determine the WEQ soil loss factors.  For the Trench 11 and 12 wind 

erosion estimates, the following three databases were uploaded: 

1. Climate Data (Beatty 8N); 

2. Soil Data (Nye SW, NV785\2054 Yermo, Hot-Yermo-Arizo Association); and 

3. Crop Management Template (CMZ-31) 

Climate:  The first WEPS input is climate data based on the location input.  For the US Ecology 

Beatty facility, the climate factors for the monitoring station “Beatty 8N” were used. 

Soil:  The soil survey for Nye County was used to determine the prevalent surface soil type at the 

US Ecology facility.  The prevalent soil type and the one used in the WEPS erosion estimate is 

the Yermo, hot-Yermo-Arizo association.  This soil type was considered to be sufficiently 

similar to the expected final cover materials for use in the soil loss estimate. 

Crop Management.  The crop management zone was set using the construction template 

provided in RUSLE2 for CMZ Zone 31.  The RUSLE2 database file for CMZ Zone 31 was 

converted to a WEPS database file.  The construction site template assumes non-vegetated 

disturbed soil that has been modified using certain combinations of construction or agricultural 

equipment. 

4.2.2.2 Soil Erosion Estimate 

The WEPS model simulation used a basic area shape (e.g., rectangle, square, circle, or quarter 

circle), site-specific dimensions, and an orientation (relative to wind direction) as input for the 

model run.  For Trenches 11 and 12 at the US Ecology site, both areas were modeled as flat-

lying rectangles.  Trench 11 was modeled as a rectangle with an x-length of 210 meters and a y-
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length of 396 meters.  Trench 12 was modeled as a rectangle with an x-length of 418 meters and 

a y-length of 145 meters.  Both simulations were run with an orientation of 0 degrees (i.e. x-

length runs east-west and y-length runs north-south). 

 
Trench Area (ha) Gross Soil Loss 

(kg/m2) 
Gross Soil Loss 

(tons/acre) 

Trench 11 8.3 0.88 3.9 

Trench 12 6.1 0.62 2.8 

The soil loss tolerance value assigned by NRCS as a standard for protecting soil as natural 

resource is five tons per acre per year for the Yermo, hot-Yermo-Arizo association in this natural 

desert setting.  Both calculated values are below this NRCS soil loss tolerance value. 

Wind erosion is assumed to result in uniform soil removal over a broad area and not in a manner 

than tends to concentrate soil removal (such as rill erosion by water).  Accordingly, consideration 

of the significance of surface soil removal (or thinning) is pertinent.  The soil loss caused by 

wind erosion was analyzed for the potential of thinning the cover to the point of exposing waste.  

Using the erosion rate estimated for the orientation of Trench 11, and assuming that cover soil is 

placed with a density of 100 lbs per cubic foot or approximately 1.35 tons per cubic yard, the 

following soil loss is estimated. 

For one year: 3.9 ft
yd
ft

ft
acre

tons
yd

acre
tons 0018.0

1
27

560,43
1

35.1
1

3

3

2

3

=∗∗∗  of soil loss per year 

  or 0.022 inches of soil loss per year 

For 30 years: 0.65 inches of soil loss 

4.2.3 Erosion Conclusions 

Using regional input values believed to be a reasonable representation of site conditions, the 

calculated estimates of surface erosion by water and wind on the Trench 11 and 12 final covers 

do not exceed maximum erosion rate recommendations, in the case of water erosion, or 

reasonable soil thinning rates, in the case of wind erosion.  This conclusion is applicable to use 

of native soil types in the Trench 11 and 12 final covers without special attention to placement of 
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a surficial layer specifically intended to reduce surface erosion.  In fact, with regard to water 

erosion, the native soil type intended for final cover construction will be sufficiently coarse-

grained to be considered an “erosion reduction” layer without special treatment (such as selective 

particle size separation using a grizzly or screen).  Also, no special attention in cover design is 

needed to reduce erosion potential by shortening cover slope sections.  Thus, no benches or other 

engineered flattening of slopes is required to reduce erosion potential. 

4.3 RUNOFF MANAGEMENT 

Peak runoff rates expected from closed (covered) Trench 11 and Trench 12 drainage areas at the 

US Ecology Beatty Facility under the influence of design rain storms were calculated using the 

method of USDA Natural Resource Conservation Service Technical Release 55 (TR-55) titled 

“Urban Hydrology for Small Watersheds” (June 1986).  The calculation is included in 

Appendix 2. 

Two design storm events were considered in this estimation of storm runoff: 

2-year, 24-hour storm, approximately 1.0 inch of precipitation, and 
25-year, 24-hour storm, approximately 2.1 inches of precipitation. 

For the surface properties considered, each drainage subbasin on the Trench 11 and 12 final 

covers generates estimated runoff amounts, per unit area of cover surface, of 0.00 inches from 

the two-year storm and 0.23 inches from the 25-year storm.  These runoff amounts and other 

properties of the subbasins, including surface type, surface roughness (Manning’s coefficient), 

flow length, rainfall, and land slope, were modeled as sheet-flow runoff over a planar surface.  

The highest potential runoff occurs from the 25-year, 24-hour design storm.  Considering this 

storm in the TR-55 model resulted in peak runoff amounts in the final cover drainage subbasins 

ranging from less than 1.0 to about 3.0 cubic feet per second (CFS).  

A commonly accepted rule-of-thumb in landfill cover design14 is that diversion channels, usually 

consisting of ditches, berms, or swales, are used on the cover at approximately every 200 feet to 

intercept runoff before it has a chance to accumulate and cut erosion gullies.  Further, such 

                                                 
14  USEPA, 1995.  “Decision Maker’s Guide to Solid Waste Management, Volume II, (EPA 530-R-95-023). 
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ditches, berms, or swales usually combine at one or more “down-channels” to convey the run-off 

down and off long, steep cover slopes.  Several design factors make such channels unnecessary 

on the Trench 11 and 12 final covers.  These include: 

• Low rainfall; design storm amount of about two inches, and typical annual rainfall of 
about four inches; 

• Erosion-resistant surface soil on the cover; 

• Down-slope flow lines on the cover that are less than 200 feet long in most instances; 

• Uniform and planar cover slopes; and 

• Absence of significant flow convergence areas. 

The Trench 11 and 12 final cover designs do incorporate surface armoring (six-inch rip-rap) of 

“down-channels” in two areas where minor flow convergence might be possible, as shown on 

Drawing NV12-08-009.  However, even in these areas, the limited run-off volumes and cover 

topography are such that little flow convergence is likely.  In the case of the Trench 11 armored 

channel, this also is an area where the down-slope flow line on the 3:1 slope is about 220 feet in 

length, and is slightly longer than the 200-feet ‘rule’ cited above.   

After flowing off the Trench 11 and 12 final covers by sheet flow, the design storm event runoff 

amounts from individual cover subbasins combine in several stormwater drainage ditches that 

begin at the base of the Trench 11 and 12 covers and leave the US Ecology property to the west, 

north, or south.  The combined design storm flows in these drainages range between 3.0 and 

8.0 CFS at the facility boundary for the 25-year, 24-hour storm.  No runoff occurs in the same 

drainages from the two-year, 24-hour storm.  The maximum values associated with the larger 

storm were used to design the runoff ditches (i.e., Reaches 1 and 2, as shown in Drawing NV12-

08-013).  In these channels, which are not located above disposed waste, the natural soil 

materials forming the channel bottoms are expected to be sufficiently coarse grained so as to not 

need additional measures to reduce channel erosion. 
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5. OTHER COVER DESIGN CONSIDERATIONS 

5.1 COVER DRAINAGE 

The final covers promote sheet run-off of precipitation and reduce locations where run-off 

concentrations will occur.  However, the shape of Trenches 11 and 12 are such that there are two 

locations where minor flow concentrations are possible.  These locations are indicated on 

Drawing NV12-08-009 and detailed on NV12-08-013.  The cover design reduces the likelihood 

that deep erosion will occur in these areas by armoring the potential flow concentration areas 

using gravel and cobble size rocks. 

These south-facing areas of possible surface-water flow convergence could be areas where soil 

moisture contents temporarily are increased following heavy precipitation.  However, the ET 

cover will protect these areas against percolation through the base of the cover.  Also, if soil 

moisture content is higher in the upper part of the cover soil in these areas, it is likely that 

vegetative growth will be enhanced, allowing transpiration to combine with evaporation to more 

rapidly remove the soil moisture.  Further, any increase in vegetation density in these areas will 

work together with the rock armoring to help minimize erosion. 

5.2 RUN-ON/RUN-OFF CONTROL 

With regard to surface-water management, the 2007 Design final cover will prevent run-on from 

areas outside the final cover footprint from affecting the final cover.  The final cover design, as 

shown on Drawing NV12-08-009, manages stormwater run-off from the cover and controls 

cover material erosion.  Stormwater runoff leads to stormwater channels along the base of the 

cover that lead to natural or enhanced drainage channels outside of the facility boundaries.   

The 2007 Design includes a corridor about 10-feet wide between the toe of the final Trench 12 

cover and the toe of the LLRW site cover that will provide for permanent routing of surface-

water runoff originating on the adjoining portions of Trench 12 and the closed LLRW disposal 

site. 
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5.3 FINAL COVER SLOPE STABILITY EVALUATION 

5.3.1 Trench 11 

Relative to critical slopes for stability evaluation, the final cover slopes of Trench 11 are 

sufficiently similar to those of the Trench 12 final cover that the stability evaluation discussion 

(below) for Trench 12 also applies to Trench 11 slopes.  Actually, the above-grade waste 

disposal method initially used for Trench 11 enhances post-closure slope stability.  That method 

was the use of a series of stacked, compacted soil perimeter berms, each 10 feet (or more) high, 

as shown on Drawing NV12-08-011.  These stacked berms provide a strong stabilizing buttress 

at the toe (base) of the final cover on all sides of Trench 11. 

5.3.2 Trench 12 

The Trench 12 final cover has a maximum elevation of 2,860 feet above NGVD (National 

Geodetic Vertical Datum, or mean sea level), or about 80 feet above the surrounding land 

surface, and 3:1 (H:V) slopes over all sides, except along the south side and on all sides at the 

base (toe) of the cover.  In those areas, the final Trench 12 cover design includes an 11-feet high 

perimeter (“starter berm” or “toe berm”) with 2:1 (H:V) slopes that is constructed of compacted 

clean soil. 

The “Slope Stability Evaluation with Surface Soil Improvement” calculation series included in 

Attachment 3, “Supplemental Engineering Calculations,” to the October 8, 2007 “Landfill 

Report for Trench 12” includes evaluation of the stability of the Trench 12 final cover.  In that 

calculation series, the final cover is characterized as a 4.0 feet thick monolithic soil layer with 

zero cohesive strength.  The actual final cover thickness will be a minimum of 3.0 feet thick.  For 

the purpose of slope stability evaluation, consideration of a 4.0 feet thick cohesionless final cover 

is more conservative than consideration of a 3.0 feet thick cohesionless final cover.  Thus, the 

calculation included in the October 2007 Landfill Report is conservative and appropriate.  This 

calculation series shows that the final cover configuration for the 2007 Design is acceptably 

stable under static loading and pseudo-static loading conditions.  Slope failures involving cover 

and waste materials have factors of safety against failure that are greater than the design 

requirement (i.e., 1.5 or greater for static loading conditions, and 1.0 or greater for pseudo-static 

or seismic loading conditions considering a maximum horizontal acceleration of 0.42g.). 
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5.4 UPLIFT PRESSURES FROM WIND LOADS 

The design of the covers uses only natural soil components.  Uplift will not be a concern during 

or after cover construction. 

5.5 THERMAL EXPANSION AND CONTRACTION 

The design of the covers uses only natural soil components.  Thermal expansion and contraction 

will not be a concern during or after cover construction. 

5.6 POST-CLOSURE COVER SETTLEMENT 

Post-closure settlement of the landfill cover attributed settlement within the soil cover, settlement 

(and degradation/consolidation) of the waste fill, and settlement of the foundation materials 

underlying the waste fill were addressed in the 1996 Design Report and supporting 

calculations15. 

                                                 
15  The “1996 Trench 12 Design” is comprised of the 1994 Landfill Report, 1996 Design Report, and subsequent 

resolution of NDEP design-related comments and questions. 
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6. SPECIFICATIONS FOR FINAL COVER CONSTRUCTION 

6.1 COMPACTED EARTH FILL STARTER BERM CONSTRUCTION 

6.1.1 Trench 11 Starter Berm 

The starter berms on the perimeter of Trench 11 were constructed previously in accordance with 

NDEP approval of the 1999 design and plan for above-grade waste disposal.  The Trench 11 

starter berms were constructed in a manner similar to that described below for the Trench 12 

starter berm, but typically the Trench 11 berms are higher and, as such, are much thicker in 

vertical and horizontal dimension than the Trench 12 starter berms, as shown in Drawings 

NV12-08-011 and NV12-08-012.  Other than minor surface grading to achieve the desired 

surface topography, no changes to the Trench 11 starter berms are considered in this final cover 

design. 

6.1.2 Trench 12 Starter Berm  

Low, compacted fill berms will serve as the outer shell of the above-grade waste disposal area 

for Trench 12, or “starter berms”.  The final outer slopes of the starter berms will be 2:1.  The 

starter berms will be constructed of native soil materials or select soil waste.  Select soil waste, if 

used, will be placed only over lined areas and must satisfy material gradation and compaction 

specifications.  The starter berms will be constructed on the Trench 12 perimeter (as shown in 

Drawing NV12-08-010) after the disposed waste surface within a particular portion of the trench 

has been raised to within three feet of the ground surface.  The starter berms, the inner part of 

which will be constructed on top of waste, will be completed before waste is disposed above 

three feet below ground surface in the interior area adjacent to the berms. 

6.1.3 Starter Berm Foundation 

The berm will be constructed on native surface soil or select soil waste re-compacted as specified 

in Sections 2.1 and 3.2 of Appendix C, Construction Methods Specifications, to the October 

2007 Landfill Report for Trench 12. 
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6.1.4 Starter Berm Material Specification 

Native soil or select soil waste materials used for the compacted soil starter berms will contain 

no materials larger than six inches, 95 percent smaller than 3.0 inches, and about five percent (or 

more) passing the #200 sieve.   

6.1.5 Starter Berm Construction 

The berm will be constructed using native surface soil or select soil waste as specified in 

Sections 2.3 and 3.5 of Appendix C, Construction Methods Specifications, to the October 2007 

“Landfill Report for Trench 12.”  Suitable materials from direct excavation or stockpiles will be 

placed in lifts not exceeding 12 inches thick and compacted to 95 percent MDD by ASTM D 

1557 at a moisture content between the OMC minus 1 percent and OMC +2 percent. 

In-situ density tests will be performed at a minimum of one test per compacted lift or one test for 

every 2,000 cubic yards placed, whichever is less.  In the event that density testing indicates that 

the target density is not achieved, the berm area at the failed test location and 50 feet each way 

from the failing testing (along the berm axis) will be re-compacted and retested.  Confirmation of 

satisfactory compaction in a re-compacted area will be by documented by satisfactory density 

tests at all three locations. 

A schedule of starter berm construction requirements is attached as Table 5. 

6.2 FINAL LANDFILL COVER CONSTRUCTION 

The final Trench 11 and 12 final covers will incorporate the following soil components (from 

bottom to top). 

• Interim Cover Soil Layer, 12 to 24-Inches Thick.  The first layer of the final trench 
cover is a lightly compacted soil layer that will be at least 12-inches (1.0 feet) thick.  This 
layer will extend across the cover to the natural ground surface on all sides of the 
trenches. 

• Final Cover Soil Layer, 24-Inches Thick.  The upper component of the final trench 
cover is a lightly compacted soil layer that will vary in thickness to allow the cover to be 
shaped; however, the layer everywhere will be at least 24-inches (2.0 feet) thick.  This 
layer will extend across the cover to the natural ground surface on all sides of the 
trenches. 
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Soil materials for final cover construction will consist of the predominantly sand and gravel soils 

obtained from stockpiles and the Trench 12 excavation area, supplemented as needed with 

imported soil materials.  Native and imported materials will be screened and mixed, as needed, to 

obtain material of satisfactory grain size.  Materials that cannot be satisfactorily placed and/or 

compacted to a stable condition will be designated as unsuitable.  Unsuitable materials will 

include trash, organic substances, large rocks, or other materials determined to be unsuitable by 

the Project Manager.  These materials will be removed from the fill material and segregated from 

suitable soil. 

6.2.1 Specification for Interim Cover Layer Soil 

Soil materials for the Trench 12 interim soil layer will contain no materials larger than 6.0 

inches.  Suitable materials from direct excavation or stockpiles, or derived from on-site screening 

of these materials, will be placed in a single lift, not less than 12 inches thick.  Lift thickness will 

be measured and documented, but there is no compaction specification for this material, which 

will be placed as above-grade waste disposal proceeds. 

A low density is desirable for this layer of the final cover, as this is important to the moisture 

holding capacity and vegetation establishment properties of the soil.  Over-compaction could 

lead to reduced cover effectiveness and should be prevented.  Areas of the interim cover layer 

that become overly compacted, such as could result from repeated vehicle or equipment passage, 

will be loosened by shallow (12 inches or less) disking before placement of the final cover layer. 

A schedule of the cover layer placement inspection requirements is attached as Table 5. 

6.2.2 Specification for Final Cover Layer Soil 

Soil materials for the final cover layer will contain no materials larger than 3.0 inches, 90 percent 

smaller than 1.0 inch, and not less than 5.0 percent passing the #200 sieve.  Suitable materials 

from direct excavation or stockpiles, or derived from on-site screening of these materials, will be 

placed in lifts that between 12 and 24 inches thick and lightly compacted to achieve a density of 

about 80 percent MDD by ASTM D 1557 at a moisture content between 2.0 and 4.0 percent less 

than the OMC.  
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The lower density compaction requirement of the soil cover is important for the moisture holding 

capacity of the soil.  Over-compaction could lead to reduced effectiveness, and should be 

prevented.  Areas of the final cover layer that become overly compacted, such as could result 

from repeated vehicle or equipment passage, will be loosened by shallow ripping or disking. 

The achievement of the proper compaction requirement will be determined by in-situ density 

tests performed at a minimum of one test per each one test for every 10,000 square feet of cover 

placed.  In the event that density testing indicates that the target density is not achieved, the area 

within 100 feet of the failing testing will be re-compacted and retested.  Confirmation of 

satisfactory compaction in a re-compacted area will be by done by three satisfactory density 

tests, at locations selected to represent the entire 100 by 100 feet area, passing the density 

specification.  

A schedule of the cover layer placement inspection requirements is attached as Table 5. 

6.3 EQUIPMENT TRAFFIC 

Cover soil placement using low-ground pressure equipment, such as wide-tracked dozers, is 

recommended and use of heavy wheeled equipment, that could cause linear surface depressions, 

is not recommended.  Also if tracked equipment is used, tracking perpendicular to contour (i.e., 

directly up or down slopes) is suggested rather than tracking parallel to contour (i.e., across 

slopes).  Based on experience at Trench 10 at Beatty, this will reduce the potential for creating 

track cleat depressions that are aligned in a down-slope direction that later could favor rill 

erosion. 

Over-compaction (i.e., exceeding the density specification for cover materials) could reduce the 

water-holding characteristics of the cover or the ability of the cover to establish and support 

vegetation.  Such over-compaction could be caused by repeated passage of heavy equipment 

over cover materials during or after placement (such as would result from repeated use of a haul 

route).  Such haul road will not be used, and equipment loads on the soil cover during 

construction will be limited to the normal equipment traffic associated with placing, spreading 

and compacting the cover soil.  Once the cover is completed in an area, vehicular traffic on the 

soil cover will be limited.  Also, construction materials and equipment will not be temporarily 
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stored on the cover during or after construction.  Areas that become over-compacted because of 

equipment traffic will be loosened, such as by shallow disking. 

6.4 PROCEDURE FOR CONFIRMING LINE AND GRADE 

This work will consist of the layout of the final cover.  Cover components will be laid out in 

accordance with the location, lines and grades, and construction details shown on the project 

plans.  Staking will be done using a 100-feet grid placed using standard surveying and inspection 

techniques.  Stake markings will denote the minimum total thickness of the full final cover 

system at each grid intersection. 

Verification of the constructed dimensions (line, grade, and elevation) of the final cover will be 

accomplished by measuring the interim and final cover layer thickness, and aggregate thickness 

of both layers (after compactions) at each grid intersection. 

Changes to line and grade requirements will have the approval of the Project Engineer prior to 

implementation. 
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Table 5:  Final Cover Soil Placement Inspection Schedule 

FINAL COVER SOIL PLACEMENT INSPECTION SCHEDULE 

Inspection Task Inspection/Test Method 
Reference Sample/Test Quantity/Frequency 

Observation/Sample Locations 

Soil Stockpile Cover Area 

GENERAL REQUIREMENTS FOR FIELD INSPECTION OF FINAL COVER CONSTRUCTION 

General project 
observations 

Visual observations, plus basic 
measurements and 
recordkeeping 

Continuous observation, during final 
cover construction  

Yes Yes 

Cover feature layout Observation of survey staking Continuous observation, during final 
cover construction 

NA Yes 

Soil material 
observation 

Observation of cover soil 
material 

Continuous observation, during final 
cover construction 

Yes Yes 

SOIL TESTS TO BE DONE DURING FINAL COVER CONSTRUCTION 

Particle-size analysis ASTM C 136 3 tests per material type, reconfirmed 
as needed 

Yes Yes 

Moisture/density 
curve 

ASTM D1557, Modified proctor 
moisture-density relation (or 
approved alternative method) 

3 tests per material type, reconfirmed 
as needed 

Yes Yes 

Lift thickness Observation/measurement before 
and during compaction  

Random locations NA Yes 

In-place density and 
moisture content 

ASTM D6938 (or approved 
alternative method) 

As specified NA Yes 
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FINAL COVER SOIL PLACEMENT INSPECTION SCHEDULE (continued) 

Inspection Task Inspection/Test Method 
Reference 

Sample/Test 
Quantity/Frequency 

Sample Location 
_______________ 
Soil Cover 
Stockpile Area 

Acceptance Criteria 

COMPACTED FILL STARTER BERM FOR TRENCH 12 

Particle-size analysis ASTM C136 3 tests per material type in 
stockpile, reconfirm as needed, 
verify maximum size criterion 
by visual observation at 
placement 

Yes Yes 95% ≤ 3.0” 
≥5% passing #200 sieve 

Moisture/density 
relation 

ASTM D1557 3 tests per material type, 
reconfirmed as needed 

Yes NA NA 

In-place density ASTM D6938 (or 
acceptable equivalent 
method), after compaction 

1 per lift per 200 feet of berm, 
minimum (as fill is placed) 

NA Yes 95% MDD (min) by 
ASTM D 1557 

Moisture content ASTM D6938 (after 
compaction) 

1 per lift per 200 feet of berm, 
minimum (as fill is placed) 

NA Yes OMC-1% to OMC+2% 

INTERIM COVER LAYER 

Particle-size analysis ASTM C136 3 tests per material type, 
reconfirm as needed, verify by 
visual observation 

Yes NA 100% <6.0” 

Lift thickness, for 
interim cover layer 

Measurement after loose 
placement  

Random measurements and 
observation 

NA Yes Total loose thickness 
≥12.0” 
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FINAL COVER SOIL PLACEMENT INSPECTION SCHEDULE (continued) 

Inspection Task Inspection/Test Method 
Reference 

Sample/Test 
Quantity/Frequency 

Sample Location 
_______________ 
Soil Cover 
Stockpile Area 

Acceptance Criteria 

FINAL COVER LAYER 

Particle-size analysis ASTM C136 3 tests per material type in 
stockpile, reconfirm as needed, 
verify maximum size criterion 
by visual observation at 
placement 

Yes Yes 100% ≤ 3.0” 
≤10% > 1.0” 
≥5% passing #200 sieve 

Moisture/density 
relation 

ASTM D1557, Modified 
proctor moisture-density 
relation 

3 tests per material type, 
reconfirmed as needed 

Yes NA NA 

Lift thickness, final 
cover layer 

Measurement before 
compaction  

One measurement for each 100 
ft by 100 ft grid area 

NA Yes Loose lift thickness 
12.0” to 24.0” 

In-place density and 
moisture content 

ASTM D1557 (after 
compaction) 

one test per each one test for 
every 10,000 square feet of 
cover placed 

NA Yes 80% MDD (±3%) 
OMC minus 2-4%  

MDD = Standard Proctor (ASTM D1557) maximum dry density. 

OMC = Standard Proctor (ASTM D1557) optimum moisture content 
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TRENCHES 11 AND 12 FINAL COVERS 

DESIGN DRAWINGS 
 

 

 

DRAWINGS LIST 

 

NV12-08-009 Final Covers 

NV12-08-010 Cross Sections A-A and B-B 

NV12-08-011 Cross Sections C-C and D-D 

NV12-08-012 Cross Sections E-E and F-F 

NV12-08-013 Details 
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TRENCHES 11 AND 12 FINAL COVERS 

SUPPORTING CALCULATIONS 
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