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FOREWORD

The United States Environmental Protection Agency (EPA) is charged by Congress with
protecting the Nation’s land, air, and water resources. Under a mandate of national
environmental laws, the Agency strives to formulate and implement actions leading to a
compatible balance between human activities and the ability of natural systems to support
and nurture life. To meet this mandate, EPA’s research program is providing data and
technical support for solving environmental problems today and building a science
knowledge base necessary to manage our ecological resources wisely, understand how
pollutants affect our health, and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory is the Agency’s center for
investigation of technological and management approaches for preventing and reducing
risks from pollution that threatens human health and the environment. The focus of the
Laboratory’s research program is on methods and their cost-effectiveness for prevention
and control of pollution to air, land, water, and subsurface resources; protection of water
guality in public water systems; remediation of contaminated sites, sediments and ground
water; prevention and control of indoor air pollution; and restoration of ecosystems. NRMRL
collaborates with both public and private sector partners to foster technologies that reduce
the cost of compliance and to anticipate emerging problems. NRMRL'’s research provides
solutions to environmental problems by: developing and promoting technologies that
protect and improve the environment; advancing scientific and engineering information to
support regulatory and policy decisions; and providing the technical support and information
transfer to ensure implementation of environmental regulations and strategies at the
national, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research

plan. Itis published and made available by EPA’s Office of Research and Development to
assist the user community and to link researchers with their clients.

E. Timothy Oppelt, Director
National Risk Management Research Laboratory



ABSTRACT

This broad-based study addressed three categories of issues related to the design,
construction, and performance of waste containment systems used at landfills, surface
impoundments, and waste piles, and in the remediation of contaminated sites. The
categories of issues, the locations in this report where each category is addressed, and
the principal investigator for the study of each category are as follows:

e geosynthetic tasks are described in Chapter 2 and Appendices A and B; the
principal investigator for these tasks was Professor Robert M. Koerner, P.E.;

e natural soil tasks are described in Chapters 3 and 4 and Appendices C and D;
the principal investigator for these tasks was Professor David E. Daniel, P.E.;
and

« field performance tasks are described in Chapter 5 and Appendices E and F; the
principal investigator for these tasks was Dr. Rudolph Bonaparte, P.E.

Each portion of the report was authored by the identified principal investigator, and
individuals working with the principal investigator. However, each principal investigator
provided input and recommendations to the entire study and peer-reviewed and
contributed to the entire report.

Geosynthetic materials (e.g., geomembranes (GMs), geotextiles (GTs), geonets (GNs),
and plastic pipe) have been used as essential components of waste containment
systems since at least the early 1980’s. Five separate laboratory and/or analytical tasks
were undertaken to address technical issues related to the use of these materials in
waste containment systems. The technical issues related to geosynthetics are: (1)
protection of GMs from puncture using needlepunched nonwoven GTs; (2) behavior of
waves in high density polyethylene (HDPE) GMs when subjected to overburden stress;
(3) plastic pipe stress-deformation behavior under high overburden stress; and (4)
service life prediction of GTs and GMs. Conclusions are: (1) needlepunched nonwoven
GTs can provide adequate protection of GMs against puncture by adjacent granular
soils; a design methodology for GM puncture protection was developed from the results
of laboratory tests and is presented; (2) temperature-induced waves (wrinkles) in GMs
do not disappear when the GM is subjected to overburden stress (i.e., when the GM is
covered with soil), rather the wave height decreases somewhat, the width of the wave
decreases even more, and the void space beneath the wave becomes smaller; (3)
waves may induce significant residual stresses in GMs, which may reduce the GM’s
service life; residual stresses induced in HDPE GMs by waves may be on the order of 1
to 22% of the GM’s short-term yield strength; (4) if GM waves after backfilling are to be
avoided, light-colored GMs can be used, GMs can be deployed and seamed without
intentional slack, GMs can be covered with an overlying light colored temporary GT until
backfilling occurs, and backfilling can be performed only in the coolest part of the day or
even at night; (5) based on finite element modeling results, use of the lowa State



formula for predicting plastic pipe deflection under high overburden stress is
reasonable; (6) polypropylene GTs are slightly more susceptible to ultraviolet (UV) light
degradation than polyester GTs, and lighter weight GTs degrade faster than heavier
GTs; (7) GTs that are partially degraded by UV light do not continue to degrade when
covered with solil, i.e., the degradation process is not auto-catalytic; (8) buried HDPE
GMs have an estimated service life that is measured in terms of at least hundreds of
years; the three stages of degradation and approximate associated durations for each
as obtained from the laboratory testing program described in this report are: (i)
antioxidant depletion (= 200 years), (ii) induction (= 20 years), and (iii) half-life (50%
degradation) of an engineering property (= 750 years); these durations were obtained
from the extrapolation of a number of laboratory tests performed under a limited range
of conditions; it is recommended that additional testing be performed under a broader
range of conditions to develop additional insight into the ultimate service life of HDPE
GMs, and other types of GMs as well.

Geosynthetic clay liners (GCLs) are a relatively new type of liner material, having first
been used in a landfill in 1986. One of the key issues with respect to field performance
of GCLs is their stability on permanent slopes, such as found on landfill final cover
systems. Fourteen test plots, designed to replicate typical final cover systems for solid
waste landfills, were constructed to evaluate the internal and interface shear strength of
GCLs under full-scale field conditions on 2H:1V and 3H:1V slopes. Five different types
of GCLs were evaluated, and performance was observed for over four years. All test
plots were initially stable, but over time, as the bentonite in the GCLs became hydrated,
three slides (all on 2H:1V slopes) that involved the GCLs have occurred. One slide
involved an unreinforced GCL in which bentonite that was encased between two GMs
unexpectedly became hydrated. The other two slides occurred at the interface between
the woven GTs of the GCLs and the overlying textured HDPE GM. Conclusions are:
(1) at the low normal stresses associated with landfill final cover systems, the interface
shear strength is generally lower than the internal shear strength of internally-reinforced
GCLs; (2) interfaces between a woven GT component of the GCL and the adjacent
material should always be evaluated for stability; these interfaces may often be critical;
(3) significantly higher interface shear strengths were observed when the GT
component of a GCL in contact with a textured HDPE GM was a nonwoven GT, rather
than a woven GT; (4) if bentonite sandwiched between two GMs has access to water
(e.g., via penetrations or at exposed edges), water may spread laterally through waves
or wrinkles in the GM and hydrate the bentonite over a large area; (5) if the bentonite
sandwiched between two GMs does not have access to water, it was found that the
bentonite did not hydrate over a large area; (6) current engineering procedures for
evaluating the stability of GCLs on slopes (based on laboratory direct shear tests and
limit-equilibrium methods of slope stability analysis) correctly predicted which test plots
would remain stable and which would undergo sliding, thus validating current design
practices; and (7) based on the experiences of this study, landfill final cover systems
with 2H:1V sideslopes may be too steep to be stable with the desired factor of safety



due to limitations with respect to the interface shear strengths of the currently available
geosynthetic products.

To evaluate the field performance of compacted clay liners (CCLs), a database of 89
large-scale field hydraulic conductivity tests was assembled and analyzed. A separate
database for 12 soil-bentonite admixed CCLs was also assembled and analyzed. In
addition, case histories on the field performance of CCLs in final cover test sections
were collected and evaluated. Conclusions are: (1) 25% of the 89 natural soil CCLs
failed to achieve the desired large-scale hydraulic conductivity of 1 x 107 cm/s or less;
(2) all of the 12 soil-bentonite admixed CCLs achieved a large-scale hydraulic
conductivity of less than 1 x 107 cm/s; however, all of these CCLs contained a relatively
large amount (more than 6%) of bentonite; soil-bentonite admixed CCLs will not be
discussed further; (3) the single most common problem in achieving the desired low
level of hydraulic conductivity in CCLs was failure to compact the soil in the zone of
moisture and dry density that will yield low hydraulic conductivity; (4) the most
significant control parameter of CCLs was found to be a parameter denoted “P,”, which
represents the percentage of field-measured water content-density points that lie on or
above the line of optimums; when P, was high (80% to 100%) nearly all the CCLs
achieved the desired field hydraulic conductivity, but when P, was low (0 to 40%), fewer
than half the CCLs achieved the desired field hydraulic conductivity; (5) practically no
correlation was found between field hydraulic conductivity and frequently measured soil
characterization parameters, such as plasticity index and percentage of clay, indicating
that CCLs can be successfully constructed with a relatively broad range of soll
materials; (6) hydraulic conductivity decreased with increasing CCL thickness, up to a
thickness of about 1 m; and (7) analysis of CCLs constructed in the final cover test
sections generally showed that CCLs placed without a GM overlain by soil tended to
desiccate and lose their low hydraulic conductivity within a few years.

Liquids management data were evaluated for 187 double-lined cells at 54 landfills to
better understand the field performance of landfill primary liners, leachate generation
rates, and leachate chemistry. Conclusions are: (1) average monthly active-period leak
detection system (LDS) flow rates for cells with HDPE GM primary liners constructed
with construction quality assurance (CQA) (but without ponding tests or electrical leak
location surveys) will often be less than 50 Iphd, but occasionally in excess of 200 Iphd;
these flows are attributable primarily to liner leakage and, for cells with sand LDSs,
possibly construction water; (2) average monthly active-period LDS flow rates
attributable to leakage through GM/GCL primary liners constructed with CQA will often
be less than 2 Iphd, but occasionally in excess of 10 Iphd; (3) available data suggest
that average monthly active-period LDS flow rates attributable to leakage through
GM/CCL and GM/GCL/CCL primary liners constructed with CQA are probably similar to
those for GM/GCL primary liners constructed with CQA; (4) GM liners can achieve true
hydraulic efficiencies in the 90 to 99% range, with higher efficiencies occasionally being
achievable; (5) GM/GCL, GM/CCL, and GM/GCL/CCL composite liners can achieve
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true hydraulic efficiencies of 99% to more than 99.9%; (6) GMs should not be used
alone in applications where a hydraulic efficiency above 90% must be reliably achieved,
even if a thorough CQA program is employed, except perhaps in situations where
electrical leak location surveys or ponding tests are used to identify GM defects and the
defects are repaired; (7) GM/CCL and GM/GCL/CCL composite liners are capable of
substantially preventing leachate migration over the entire period of significant leachate
generation for typical landfill operations scenarios without leachate recirculation or
disposal or liquid wastes of sludges; (8) leachate collection and removal system (LCRS)
flow rates were highest at the beginning of cell operations and decreased as waste
thickness increased and daily and intermediate covers were applied to the waste;
leachate generation rates decreased on average by a factor of four within one year after
closure and by one order of magnitude two to four years after closure; within nine years
of closure, leachate generation rates were negligible for the landfill cells evaluated in
this study; (9) municipal solid waste (MSW) cells produced, on average, less leachate
than industrial solid waste (ISW) and hazardous waste (HW) cells; for cells of a given
waste type, rainfall fractions were highest in the northeast and lowest in the west; the
differences in leachate generation rates are a function of type of waste, geographic
location, and operational practices; (10) in general, HW landfills produced the strongest
leachates and coal ash landfills produced the weakest leachates; MSW ash leachate
was more mineralized than MSW leachate and the other ISW leachates; (11) the solid
waste regulations of the 1980s and 1990s have resulted in the improved quality of MSW
and HW landfill leachates; and (12) the EPA Hydrologic Evaluation of Landfill
Performance (HELP) computer model, when applied using an appropriate simulation
methodology and an appropriate level of conservatism, provides a reasonable basis for
designing LCRSs and sizing leachate management system components; due to the
complexity and variability of landfill systems, however, the model will generally not be
adequate for use in a predictive or simulation mode, unless calibration is performed
using site-specific measured (not default) material properties and actual leachate
generation data.

Waste containment system problems were identified at 74 modern landfill and surface
impoundment facilities located throughout the U.S. The purpose of this aspect of the
project was to better understand the identified problems and to develop
recommendations to reduce the future occurrence of problems. Conclusions are: (1)
the number of facilities with identified problems is relatively small in comparison to the
total number of modern facilities nationwide; however, the search for problems was by
no means exhaustive; (2) the investigation focused on landfill facilities: 94% of the
identified problems described herein occurred at landfills; (3) among the landfill
problems, 70% were liner system related and 30% were cover system related; however,
the ratio of liner system problems to cover system problems is probably exaggerated by
the fact that a number of the facilities surveyed were active and did not have a cover
system; (4) based on a waste containment system component or attribute criterion, the
identified problems can be grouped into the following general categories: (i) slope
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instability of liner systems or cover systems or excessive deformation of these systems
(44%); (ii) defectively constructed liners, leachate collection and removal systems
(LCRSSs) or LDSs, or cover systems (29%); (iii) degraded liners, LCRSs or LDSs, or
cover systems (18%); and (iv) malfunction of LCRSs or LDSs or operational problems
with these systems (9%); (5) considering a principal human factor contributing to the
problem criterion, the identified problems are classified as follows: (i) design (48%); (ii)
construction (38%); and (iii) operation (14%); (6) the main impacts of the problems
were: (i) interruption of facility construction and operation; (ii) increased maintenance;
and (iii) increased costs; (7) problems detected at facilities were typically remedied
before adverse environmental impacts occurred; (8) impact to groundwater or surface
water was only identified at one facility, where landfill gas migrated beyond the edge of
the liner system and to groundwater; (9) all of the identified problems can be prevented
using available design approaches, construction materials and procedures, and
operation practices; (10) although the environmental impact of problems has generally
been negligible thus far, the landfill industry should do more to avoid future problems in
order to: (i) reduce the potential risk of future environmental impact; (ii) reduce the
potential health and safety risk to facility workers, visitors, and neighbors; (iii) increase
public confidence in the performance of waste containment systems; (iv) decrease
potential impacts to construction, operation, and maintenance; and (v) reduce costs
associated with the investigation and repair of problems.
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ACRONYMS AND ABBREVIATIONS

ALCD Alternative Landfill Cover Demonstration
ALR action leakage rate

AOS apparent opening size (of geotextile)

ARAR applicable or relevant and appropriate requirements
ASTM American Society for Testing and Materials
AZ acceptable zone

BAT commercial term for a type of porous probe
BNA base neutral extractable

BOD biological oxygen demand

BTEX benzene, toluene, ethylbenzene, and xylenes
BuRec U.S. Bureau of Reclamation

C&DW construction and demolition waste

CAT Caterpillar construction equipment

CCL compacted clay liner

CERCLA Comprehensive Environmental Response, Compensation, and
Liability Act (aka Superfund Act)

CFR U.S. Code of Federal Regulations

CH soil classification symbol for a high plasticity clay soll
CL soil classification symbol for a low plasticity clay soil
COD chemical oxygen demand

CQA construction quality assurance

CcQcC construction quality control

CSPE chlorosulfonated polyethylene

DSC differential scanning calorimeter

EPA U.S. Environmental Protection Agency

EPDM ethylene propylene diene monomer

ET evapotranspiration

FDEP Florida Department of Environmental Protection
FEM finite element model

fPP flexible polypropylene



FOS
FS

GC
GCL
GDL
GEC
GM
GN

GT
HDPE
HELP
HLR
HP-OIT
HSWA
H/W
HW
ISW

Kfield
Kiab
LCRS
LDLPE
LDR
LDS

LL
LLDPE
LLRM
LLR
LMDPE
Iphd
LYS

filtration opening size (of geotextile)

factor of safety

geocomposite

geosynthetic clay liner

geocomposite drainage layer

geosynthetic erosion control (material)

GM

geonet

geotextile

high density polyethylene

Hydrologic Evaluation of Landfill Performance (computer program)
high level radioactive (waste)

high-pressure oxidative induction time
Hazardous and Solid Waste Amendments
height/width ratio (of GM waves)

hazardous waste

industrial solid waste

hydraulic conductivity

hydraulic conductivity measured in the field
hydraulic conductivity measured in the laboratory
leachate collection and removal system

low density linear polyethylene

land disposal restrictions

leak detection system

liquid limit

linear low density polyethylene

low level radioactive mixed (waste)

low level radioactive (waste)

linear medium density polyethylene
liters/hectare/day (1.0 Iphd = 9.35 gallon/acre/day (gpad))

lysimeter



MCL
MF
MP
MSW
NCP
NE
NW
oD
OH
oIT
owC
PCB
PCDD
PCDF
PE
PET
P

PP
PPL
PVC
QA
RC
RCRA
RF
RP
SARA
sC
SDR
SDRI
SE
SMCL

maximum containment level

modification factor

modified Proctor (compaction test)
municipal solid waste

National Contingency Plan

northeast

nonwoven (geotextile)

outside diameter

original height (of GM waves)

oxidative induction time

optimum water content

polychlorinated biphenyl

polychlorinated dibenzo-p-dioxins
polychlorinated dibenzo-furans
polyethylene

polyester

plasticity index

polypropylene

priority pollutant list

polyvinyl chloride

quality assurance

relative compaction

Resource Conservation and Recovery Act
reduction factor

reduced Proctor (compaction test)
Superfund Amendments and Reauthorization Act
soil classification symbol for a sandy clay
standard dimension ratio (of pipe)

sealed double ring infiltrometer
southeast

secondary maximum containment level

xi



SP
Std-OIT
SVOC
TCLP
TDS
TOC
TSB
TSCA
TSDF
TSS
UMTRCA
uv
VFPE
VLDPE
VOC

standard Proctor (compaction test)
standard oxidative induction time
semivolatile organic compound

toxicity characteristics leaching procedure
total dissolved solids

total organic carbon

two-stage borehole test

Toxic Substances Control Act

treatment, storage and disposal facility
total suspended solids

Uranium Mill Tailings Radiation Control Act

ultraviolet

very flexible polyethylene (includes LLDPE, LDLPE and VLDPE)

very low density polyethylene
volatile organic compound

west
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Chapter 1
Introduction

The environmentally safe and secure containment of wastes in landfills, waste piles,
and surface impoundments has been a major goal of the United States Environmental
Protection Agency (EPA) since the Agency’s founding in 1970. To bring about a
systematic and effective approach to the design and installation of liner systems and
final cover systems, as integral components of modern waste containment systems, the
Agency has developed regulations, supporting guidance, and numerous reports on this
subject. The agency has likewise known that proper facility operation and maintenance
are as important as design and construction in achieving satisfactory long-term
containment system performance. This research report provides the results of the
evaluation of field performance data for existing waste containment systems across the
U.S. Based on this evaluation, it is concluded that environmentally safe and effective
containment of waste is attainable. This research report also presents the results of a
number of technical tasks that have led to recommendations for further improving the
performance of waste containment systems in comparison to the current state-of-
practice.

This first chapter of this report presents an overview of the goals of waste containment,
the regulatory framework for waste containment, and the various components that make
up typical waste containment systems. The chapter concludes with a description of the
specific performance-related issues and technical tasks addressed by the studies
described in this research report.

1.1 Goals of Waste Containment

An EPA estimate of the amount of municipal solid waste (MSW) generated in the U.S.
for select years between 1960 and 1999 is presented in Table 1-1. This table does not
include construction and demolition waste (C&DW), incinerator ash, sludges, and
nonhazardous industrial waste, all of which add to the quantities shown in the table.

It should be recognized that waste reduction and recycling programs are having a
positive impact on reducing the quantities of waste generated and disposed,
respectively. Nevertheless, disposal in landfills containing engineered waste
containment systems continues to be the most widely used method in the U.S. for the
disposal of MSW and many other types of waste.

The following classes of waste materials, listed in descending order of approximate
degree of hazard, constitute the majority of solid waste material requiring management
and/or disposal in the United States today:

* |ow-level radioactive waste;
e hazardous waste;
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Table 1-1. Generation, Materials Recovery, Composting, Combustion, and Discard of MSW, 1960 to 1999 (In
millions of tons and percent of total generation) (from Municipal Solid Waste in the United States:
1999 Final Report, downloaded from EPA website at http://www.epa.gov/epaoswer/non-
hw/muncpl/pubs/mswfinal.pdf).

A

Criteria 1960 1970 1980 1990 1995 1999
Millions of Tons®

Generation 88.1 121.1 151.6 205.2 211.4 229.9

Recovery for recycling 5.6 8.0 14.5 29.0 45.3 50.8

Recovery for composting® 0.0 0.0 0.0 4.2 9.6 131

Total materials recovery 5.6 8.0 14.5 33.2 54.9 63.9

Discards after recoveryb 82.5 113.0 137.1 172.0 156.5 166.0

Combustion¢ 27.0 251 13.7 31.9 35.5 34.0

Discards to landfill, other disposald 55.5 87.9 123.4 140.1 120.9 131.9

Percent of Total Generation®

Generation 100.0%  100.0%  100.0% 100.0%  100.0%  100.0%
Recovery for recycling 6.4% 6.6% 71% 7.7% 9.6% 9.9%
Recovery for composting?@ 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Total materials recovery 6.4% 6.6% 7.1% 7.7% 9.6% 9.9%
Discards after recoveryP 93.6% 93.4% 92.9% 92.3% 90.4% 90.1%
Combustionc 30.6% 26.1% 20.6% 14.4% 9.0% 7.1%
Discards to landfill, other disposald 63.0% 67.3% 72.4% 77.8% 81.4% 82.9%

aComposting of yard trimmings and food wastes. Does not include mixed MSW composting or backyard composting.
bDoes not include residues from recycling or composting processes.
CDoes not include residues from recycling, composting, or combustion processes.

dincludes combustion of MSW in mass burn or refuse-derived fuel-form, and combustion with energy recovery of source separated
materials in MSW (e.g., wood pallets and tire-derived fuel).

€Details may not add to totals due to rounding.
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heap leach residual waste;
hospital/research waste;
MSW;

incinerator ash;

sewage treatment sludge;
contaminated dredge soil;
electric power-generation ash;
mine spoil; and

C&DW.

A primary performance goal for waste containment systems used at all of these types of
facilities is protection of groundwater quality. Historically, the use of liners to protect
groundwater quality has been practiced for some types of landfills in some parts of the
country from about the mid 1970s. Since that time, the use of waste containment
systems has become more and more widespread, and the capabilities of these systems
have progressively improved.

The need for waste containment systems in landfills is driven in large part by the need
to contain liquids and gases generated in the landfill. Leachate generated in landfills
flows downward by gravity and, if not for the liner system, would continue its migration
out of the unit. Given a sufficient volume of leachate, this liquid would eventually
migrate through the vadose zone, ultimately posing a threat to groundwater quality and,
at some locations, nearby surface-water quality. Both the quantity and quality of
leachate are of concern. In addition, for MSW landfills, the biodegradation of
putrescible organics in the waste creates landfill gas. This gas can be an added source
of groundwater contamination if not contained in the landfill and then removed by
appropriate means. The gas can also create explosion hazards and contribute to air
pollution.

Liquid containment is also an important consideration for surface impoundments that
contain various process liquids and liquid wastes. As with landfills, the function of the
liner system beneath a surface impoundment is to contain impounded liquid and prevent
it from migrating through the subsurface and into the groundwater at a rate that would
cause an adverse impact to groundwater quality (or surface-water quality), or at a rate
that would not comply with a regulatory performance criterion. The potential for liquid
migration can be particularly significant for surface impoundments, due to the relatively
high liquid heads that may exist in these facilities.

With respect to abandoned dumps and remediation sites, the situation is different than
for a modern landfill because these types of sites already exist and often were operated
without benefit of an engineered liner system and other environmental controls. One
way to remediate these types of sites is to install a final cover system over the waste.
At some locations, a cover system by itself will be adequate to achieve the desired
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performance levels. Other locations will require additional components, such as
subsurface barriers (e.g., soil-bentonite cutoff wall) or liquid/gas extraction systems.

1.2 Regulations

In the U.S., MSW, hazardous waste, and certain other wastes are regulated under the
Resource Conservation and Recovery Act (RCRA), including the Hazardous and Solid
Waste Amendments (HSWA) to RCRA. As used by EPA, the term hazardous waste
has a very specific, legal definition. As defined in Title 40 of the Code of Federal
Regulations (CFR), Part 261 (40 CFR 261), waste is hazardous if:

1. itis listed as a hazardous waste (listed hazardous wastes are specifically
identified in 40 CFR 261, Subpart D);

2. itis mixed with or derived from a hazardous waste as defined by EPA;

3. itis not excluded (some wastes, such as MSW, are specifically identified and

excluded as hazardous waste); and

4. it possesses any one of four characteristics described in 40 CFR 261, Subpart C:
(i) ignitability; (ii) corrosivity; (iii) reactivity; or (iv) toxicity as determined by the
Toxicity Characteristic Leaching Procedure (TCLP) test.

Federal legislation applicable to MSW is contained in Subtitle D of RCRA. Federal
regulations applicable to MSW landfills (and nonhazardous MSW combustor ash
landfills (MSW ash landfills) are set forth in 40 CFR 258. The basic regulations were
published on October 9, 1991. These regulations are implemented by states and
territories with landfill regulations or laws that have been approved by the EPA. Forty-
nine of the 50 states have an approved program. Federal regulations specify that a
MSW or MSW ash landfill liner system meet the minimum design standard in 40 CFR
258.40(a)(2) or meet the performance standard in 40 CFR 258.40(a)(1). The design
standard requires a single-composite liner system that consists of the following, from
top to bottom:

e |eachate collection and removal system (LCRS) that limits the head of leachate on
the composite liner to 0.3 m or less;

e 0.75-mm thick geomembrane (GM) (1.5-mm thick if the GM is made of high density
polyethylene (HDPE)) upper component of composite liner; and

e 0.6-m thick compacted clay liner (CCL) lower component of composite liner, with
the CCL having a maximum hydraulic conductivity of 1 x 107 cm/s.

While the federal minimum design standard was adopted by many states, a few states
require that MSW landfills or MSW ash landfills have a double-liner system.

The performance standard requires a liner system design that is demonstrated to
achieve certain groundwater compliance standards (i.e., maximum contaminant levels
(MCLs)) at a specified distance from the landfill (i.e., a point of compliance). This
distance cannot exceed 150 m. Only the Director of an approved State can approve a
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design that meets the performance standard. The technical demonstration that a
certain liner system meets the performance standard is often made using the EPA
HELP and MULTIMED computer models. The modeling methods must be acceptable
to the Director.

Regardless of whether an MSW landfill has a liner system that meets the minimum
design standard or the performance standard, groundwater monitoring and compliance
in accordance with 40 CFR 258.50-58 is required for the facility. If the liner system
does not meet the minimum design standard, leachate recirculation on the liner systems
is not allowed as specified in 40 CFR 258.28(a)(2).

An example of a single-composite liner system for a MSW landfill is shown in Figure
1-1(a). The LCRS will often include a pipe network that drains to a sump at the low
elevation of the landfill cell. From the sump, leachate is removed by a submersible
pump or gravity drainage pipe. Where pumps are used, the pump is lowered in vertical
manholes that extend up through the waste mass or, more commonly, in riser pipes that
extend up the sideslope of the landfill. Generally, leachate generated by a landfill will
need to be collected for the active life of the landfill plus a 30-year post-closure period.
However, the 30-year period has yet to be reached for any landfill constructed under
current EPA regulations. Longer periods of leachate removal may be required for at
least some sites, while for many modern sites, leachate generation should essentially
cease prior to the end of the 30-year period.
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Figure 1-1. Example of liner systems for: (a) MSW landfills; and (b) hazardous
waste landfills.



For waste materials considered to be hazardous as previously defined, the applicable
legislation is contained in Subtitle C of RCRA. Specific EPA regulations for waste
containment systems at RCRA Subtitle C landfills, surface impoundments, and waste
piles are published in 40 CFR 264. These regulations require hazardous waste landfills
to have two independent liners with a leak detection system (LDS) between them and
LCRS above the primary (or top) liner. The purpose of the LDS is to allow monitoring of
the primary liner (i.e., to identify whether, and to what extent, leakage is occurring
through the primary liner) and to provide a mechanism for removing liquids that enter
this system. A double-liner system with an LDS is a hallmark of hazardous waste
landfill regulations in the United States. A major task of the project described in this
report was to evaluate the field effectiveness of landfills underlain by double-liner
systems with respect to leachate containment.

Regulatory requirements for hazardous waste landfill double-liner systems are given in
40 CFR 264.301. The minimum liner system design standard generally considered to
meet these requirements includes, from top to bottom:

e LCRS that limits the head of leachate on the primary liner to 0.3 m or less;

e GM primary liner;

e 0.3-m thick granular LDS drainage layer with a minimum hydraulic conductivity of
1 x 10 cm/s or a geosynthetic LDS drainage layer with a minimum hydraulic
transmissivity of 3 x 10° m?/s;

e GM upper component of a composite secondary liner; and

e 0.9-m thick CCL lower component of the composite secondary liner, with the
CCL having a maximum hydraulic conductivity of 1 x 10”7 cm/s.

An example of a double-liner system for a hazardous waste landfill is shown in Figure
1-1(b).

Federal regulatory requirements exist for the disposal of waste types other than MSW
and hazardous waste. While this report is not intended to provide an exhaustive survey
of these requirements, it is noted that requirements for landfill disposal of
polychlorinated biphenyls (PCBs) and PCB items under the Toxic Substances Control
Act (TSCA) are contained in 40 CFR 761.65, while requirements for land disposal of
uranium mill tailings under the Uranium Mill Tailings Radiation Control Act (UMTRCA)
are contained in 40 CFR 192.02.

Final cover systems are another important component of waste containment systems
used at landfills. While liner systems are installed beneath the waste, final cover (or
closure) systems are installed over the completed solid waste mass. For MSW, Subtitle
D regulations require that the final cover must be placed over the landfill within one year
after the waste reaches its final permitted height. In terms of long-term landfill
performance and management, final cover systems are as important, and in some ways
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more so, than the liner system (Bonaparte, 1995). The design, construction, and
maintenance of final cover systems should be practiced to the same level of care as for
liner systems.

Requirements for final cover systems for MSW and hazardous waste landfills are also
addressed in federal regulations. For liner systems of the type shown in Figures 1-1(a)
and (b), minimum final cover system requirements are illustrated in Figure 1-2. MSW
landfills must meet federal design criteria or performance-based design requirements
(40 CFR 258.60). The minimum design for a MSW landfill (which is underlain by a
composite liner) cover system includes the following components, from top to bottom:

e 0.15-m thick soil surface layer;

e 0.5-mm thick GM upper component of composite barrier; and

e 0.45-m thick CCL lower component of composite barrier, with the CCL having a
maximum hydraulic conductivity of 1 x 10™ cm/s.

Under Subtitle D, alternative cover system designs are allowed, however, these designs
must, at a minimum, be shown to perform equivalently to the federal design cover
system with respect to reduction in percolation and erosion resistance.

It should be noted that the federal requirements for final cover systems at MSW landfills
are only minimum requirements and do not represent “complete” designs for most
landfills since they do not address all important design criteria. Some of these criteria
are addressed in EPA (1991), which is currently being updated. For example, the
minimum requirements do not include a drainage layer above the composite barrier or
an adequate thickness of cover soil to allow sufficient water storage for healthy surface
vegetation. As another example, the requirements do not include an adequate
thickness of soil above the CCL component of the final cover system to protect the CCL
from freeze-thaw damage for sites located in northern climates. As a final example, the
requirements do not address the important matter of landfill gas transmission beneath
the final cover system.

For hazardous waste landfills, 40 CFR 264.310 requires that the landfill be closed with a
final cover system that meets certain performance criteria, most notably, “Have a
permeability less than or equal to the permeability of any bottom liner system or natural
subsoils present.” The regulations do not contain minimum design requirements for
final cover systems analogous to those for liner systems. However, EPA guidance
(EPA, 1989) recommends that final cover systems for hazardous waste landfills consist
of at least the following, from top to bottom:
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a top layer containing two components: (i) either a vegetated or armored surface
layer; and (ii) a 0.6-m thick protection layer, comprising topsoil and/or fill soil, as
appropriate;

a 0.3-m thick granular drainage layer with a minimum hydraulic conductivity of

1 x 102 cm/s; and

a composite hydraulic barrier, consisting of (i) a 0.5-mm thick GM upper
component; and (ii) a 0.6-m thick CCL lower component, with the CCL having a
minimum hydraulic conductivity of 1 x 107 cm/s.
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Figure 1-2. Examples of final cover systems for: (a) MSW landfills; and (b)

hazardous waste landfills.

It is noted that at the time of publication of this report, EPA is concurrently completing a
new technical guidance document titled, “Technical Guidance for RCRA/CERCLA Final
Covers” (Bonaparte et al., 2002). The reader is referred to this guidance document for
more detailed information on final cover systems for landfills and remediation sites.

With respect to abandoned dumps and remediation sites, the Superfund Amendments
and Reauthorization Act of 1986 (SARA) adopts and expands a provision in the
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Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)
of 1982 to require that remedial actions at sites being remediated under the Act must at
least attain applicable or relevant and appropriate requirements (ARARS). These
requirements for ARARs may derive from federal or state regulations. ARARs may be
location-specific, action-specific, or chemical-specific.

RCRA Subtitle C or D requirements for treatment, storage, and disposal facilities
(TSDFs) will frequently be considered ARARs for CERCLA actions, because RCRA
regulates the same or similar wastes or constituents as found at many CERCLA sites,
covers many of the same activities, and addresses releases and threatened releases
similar to those found at CERCLA sites. When RCRA requirements are ARARS, only
the substantive requirements of RCRA must be met if a CERCLA action is to be
conducted on site. Substantive requirements are those requirements that pertain
directly to actions or conditions in the environment. Examples include performance
standards for incinerators (40 CFR 264.343), treatment standards for land disposal of
restricted waste (40 CFR 268), and concentration limits, such as maximum contaminant
levels (MCLs). On-site actions do not require RCRA permits or compliance with
administrative requirements. Administrative requirements are those mechanisms that
facilitate the implementation of the substantive requirements of a statue or regulation.
Examples include the requirements for preparing a contingency plan, submitting a
petition to delist a listed hazardous waste, recordkeeping, and consultations. CERCLA
actions to be conducted off site must comply with both substantive and administrative
RCRA requirements. CERCLA MSW landfills represent a particular subset of CERCLA
sites for which EPA has established presumptive remedy guidance (EPA, 1993).

RCRA and CERCLA regulatory requirements provide flexibility for innovation and
alternatives by limiting the use of specific minimum design specifications in the
regulations, by providing performance criteria in lieu of design specifications, and/or by
providing administrative procedures for gaining approval of waivers from RCRA
mandatory requirements or CERCLA ARARs. When proposing an alternative design to
the performance-based and/or federal minimum design requirements contained in the
applicable regulation, the proposal for the alternative design must often be supported
with a demonstration that the alternate is "technically equivalent” to a design meeting
the basic regulatory requirements. Alternative design approaches may be used for any
one of a number of different waste containment system components or group of
components, including liner systems, final cover systems, LCRSs, and LDSs.

1.3 Waste Containment System Components

Waste containment systems are generally considered to included liner systems, final
cover systems, subsurface barriers, and subsurface interceptors constructed of a range
of materials including soil, geosynthetics, cement, and/or metals. This report addresses
liner systems and final cover systems constructed of soils and geosynthetics. The
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following material choices may be considered for the design of these types waste
containment systems:

e drainage layer: geonet (GN), geocomposite (GC), or granular soil;

« filter layer: geotextile (GT) or granular soil;

e hydraulic barrier: GM, geosynthetic clay liner (GCL), or CCL, or a combination of
the three;

e gas transmission layer: GT, GC, or granular soil;

e protection layer: GT or soil, and;

e erosion control: geosynthetic erosion control (GEC) materials, natural jute,
gravel, asphalt, riprap, or other materials.

An example of a liner system and final cover system for a landfill that incorporates some
of these materials (primarily geosynthetics) is illustrated in Figure 1-3. It is of interest to
compare this figure to the liner and cover systems of Figures 1-1(b) and 1-2(b). The
liner system shown in Figure 1-3 incorporates a double-liner system consisting of a
GM/GCL composite primary liner and a GM/CCL composite secondary liner. The LDS
consists of a GT/GN/GT GC. The LCRS is gravel with a perforated pipe network
contained therein. A GT filter layer covers the entire LCRS and is intended to inhibit
clogging of the LCRS. A GT cushion beneath the gravel LCRS protects the primary GM
from puncture by the overlying gravel. On the sideslopes, the LCRS is constructed of a
GT/GN/GT GC, which transitions, at the sideslope toe, into the gravel LCRS on the
base.

The final cover system illustrated in Figure 1-3 contains a GM/GCL composite hydraulic
barrier. A GT gas transmission layer is shown beneath the barrier and a GT/GN/GT GC
(or other type of geosynthetic composite) is shown above it. A GEC is installed on the
surface of the topsoil layer. Both temporary and permanent types of GECs are
commercially available.

Additional information regarding each of the natural soil and geosynthetic components
of the waste containment systems illustrated in Figures 1-1, 1-2, and 1-3 are presented
in the next section.

1.4 Liner System and Final Cover System Components

This section presents relevant details on liner/barrier, drainage, filtration, and ancillary
materials typically used in the liner system and final cover system of waste containment
facilities.

1.4.1 Liner/Barrier Materials
The types of hydraulic liner/barrier materials considered in this report are CCLs, GMs,
and GCLs.
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1.4.1.1  Compacted Clay Liners

CCLs are constructed primarily from natural soil materials that are rich in natural clay,
although the CCL may contain processed natural clay such as bentonite. CCLs are
constructed in layers called lifts that typically have a thickness after compaction of

0.15 m. On sideslopes equal to or flatter than about 3 horizontal : 1 vertical (3H:1V) lifts
are placed parallel to the slope. However, parallel lifts are very difficult or impossible to
construct on sideslopes steeper than about 2.5H:1V. On steeper sideslopes, CCLs are
constructed using horizontal lifts.

For CCLs that must have a saturated hydraulic conductivity of not more than 1 x 10-7
cm/s, it is recommended that the CCL material have the following characteristics:

e minimum percentage of fines: from 30 to 50%

e minimum plasticity index: from 7 to 15%

e maximum percentage of gravel: from 20 to 50%

e maximum particle size: from 25 to 50 mm (less for a lift placed in

direct contact with a CCL)

The percentage of fines is defined as the percent by dry weight of particles passing the
No. 200 sieve, which has 0.074-mm wide square openings. Percentage of fines is
typically determined by ASTM D422. Plasticity index, which is defined as the liquid limit
minus the plastic limit, may be determined by ASTM D4318. Percentage of gravel is
defined as the percent by dry weight retained on a No. 4 sieve (4.76 mm wide square
openings). Local experience may dictate more stringent requirements and, for some
soils, more restrictive criteria may be appropriate. However, if the criteria tabulated
above are not met, it is unlikely that a natural soil liner material will be suitable without
additives such as bentonite.

CCLs must be ductile, particularly when used in final cover systems (to accommodate
possible differential settlement), and must be resistant to cracking from moisture
variations, e.g., desiccation. Sand-clay mixtures are ideal materials if resistance to
shrinkage and desiccation induced cracking are important (Daniel and Wu, 1993).
Ductility is achieved by avoiding use of dense, dry soils, which tend to be brittle.

If suitable materials are unavailable, local soils can be blended with commercial clays,
e.g., bentonite, to achieve low hydraulic conductivity. A relatively small amount of
sodium bentonite (typically 2 to 6% by weight) can lower hydraulic conductivity as much
as several orders of magnitude. Such liners are usually called amended clay liners and,
in this report, are included in the CCL category. The percent bentonite is usually
defined as the dry weight of bentonite divided by the dry weight of soil to which
bentonite is added. Soils with a broad range of grain sizes usually require a relatively
small amount of bentonite (less or equal to 6%). Uniform sized soils, such as concrete
sand, usually require more bentonite (up to 10 to 15%). Sometimes materials are



blended to provide a material with a broad range of grain sizes, thus minimizing the
amount of bentonite amendment needed.

Some of the significant issues for CCLs are: (i) the accuracy of field hydraulic
conductivity assessment using laboratory tests on small undisturbed sample of the
constructed CCL; (ii) the compaction criteria to achieve the required CCL hydraulic
conductivity; and (iii) the long-term hydraulic performance of CCLs in final cover
systems. A maijor task of this project focused on these topics.

1.4.1.2 Geomembranes

GMs are thin, factory-manufactured polymeric materials that are widely used as
hydraulic barriers in liner and final cover systems due to their non-porous structure,
flexibility, and ease of installation. GMs have the advantages of extremely low rates of
water and gas permeation through intact GMs and, depending on the material, the
ability to stretch and deform without tearing. They also protect underlying CCLs from
desiccation. Disadvantages of GMs include leakage through occasional GM
imperfections, relatively high diffusion potential by certain concentrated organic liquids,
potential for slippage along interfaces between GMs and adjacent materials, and
material embrittlement over time.

GMs form an essential component of most liner/barrier layers. Of the factory
manufactured polymeric GMs that are commercially available, the types most commonly
used in waste containment systems are:

e HDPE;

e very flexible polyethylene (VFPE) [this classification includes linear low density
polyethylene (LLDPE), low density linear polyethylene (LDLPE), and very low
density polyethylene (VLDPE)];

e polyvinyl chloride (PVC);

o flexible polypropylene (fPP); and

e ethylene propylene diene monomer (EPDM).

Most of these GMs are available with textured surfaces on one or both sides for
increased frictional resistance when needed to achieve slope stability design criteria.
Additionally, spray-on elastomeric GMs are available, as are bituminous GMs.
However, these materials are rarely used in waste containment applications in
comparison to those previously itemized.

GMs are most often used as liquid and gas barriers, both in liner systems and final
cover systems. The mechanism for liquid or gas mass transfer through an intact GM is
one of molecular diffusion. Water vapor transmission rates for several typical GMs
based on testing performed in accordance with ASTM E96 are as follows:



e for 1.0-mm thick HDPE: water vapor transmission rate = 0.020 g/m2/day;

e for 0.75-mm thick PVC: water vapor transmission rate = 1.8 g/m?2/day;

e for 1.0-mm thick HDPE: solvent vapor transmission rate = 0.20 to 20 g/m2/day
(depends on the solvent type).

Note that 1.0 g/m2/day = 10 liter/ha/day; thus the rate for water diffusion is extremely
low. In contrast, the rate of diffusion for some chemicals, particularly certain volatile
organic compounds (VOCs) can be quite high. Fortunately, leachate from modern
landfills typically contains only trace concentrations of VOCs and, as a consequence,
VOC diffusive mass transfer rates will typically be low. A second mechanism for liquid
transport through GMs, is flow through GM holes causes by punctures, tears, flawed
seams, etc. The rate of flow through a given size GM hole is dependent on the
hydraulic head acting on top of the hole, the permeability of the soil material underlying
the GM, and other factors. The leakage rate through a GM hole where the GM is
underlain by a relatively permeable soil (e.g., sand) will be much larger than for a GM
hole where the GM is underlain by a CCL, all other factors being equal.

Regarding the shearing resistance of the interfaces between GMs and adjacent
materials, interface strengths can be very low when smooth, relatively rigid GMs are
used. Strengths can be significantly increased through the use of textured GMs. There
are a number of manufacturing methods available to provide texturing:

co-extrusion for blown film manufacturing;

impingement for flat die manufacturing;

lamination for flat die manufacturing; and

structuring via a heated calendar for flat die manufacturing.

The texturing processes result in an increase in peak interface shear strength compared
to the interface shear strength for a smooth GM. This increase may be in the range of
10 to 20 degrees for GM/GT interfaces. The difference may be of the same magnitude,
or less, for GM/soil interfaces, depending largely on the characteristics of the soil. The
difference in interface strength is typically smaller when large displacement interface
strengths are considered. Testing and experience has shown that the behavior of
geosynthetic/geosynthetic and soil/geosynthetic interfaces can be complex. Product-
specific and project-specific interface shear tests are always recommended. Interface
shear testing of geosynthetics is usually carried out in a direct shear testing apparatus
in accordance with ASTM D5321.

1.4.1.3  Geosynthetic Clay Liners

GCLs consist of factory-manufactured rolls of bentonite placed between GTs or bonded
to a GM. The bentonite is the low hydraulic conductivity (or permeability) component of
this composite material. The geosynthetics are stitch bonded, needlepunched, or
adhesively bonded to the bentonite to create self-contained products suitable for



handling, transportation, and placement as a barrier material. The fibrous structuring of
needlepunched and stitchbonded materials also results in increased internal shear
strength for use of GCLs on sideslopes. The application of GCLs as a barrier by itself,
or as a composite barrier with an overlying GM, is rapidly growing in its use and
acceptance. Three EPA workshop reports are available on GCLs (see Daniel and
Scranton, 1996)).

Bentonite is the critical component of GCLs and gives rise to the material’s very low
hydraulic conductivity (permeability). Bentonite is a naturally occurring, mined clay
mineral that is extremely hydrophilic. When placed in the vicinity of water (or even
water vapor), the bentonite attracts water molecules into a complex configuration that
leaves little free water space in the voids. This significantly decreases the hydraulic
conductivity of the bentonite. The hydraulic conductivity of most sodium bentonite
GCLs is in the vicinity of 1 x 10-9to 5 x 10-9 cm/s (Estornell and Daniel, 1992).

The various GCL products are manufactured such that the following types are most
commonly used:

bentonite adhesively bonded between two GTs;
bentonite stitch bonded between two GTs;
bentonite needlepunched between two GTs; and
bentonite adhesively bonded onto a GM.

While the low hydraulic conductivity of GCLs gives rise to its’ favorable comparison to
CCLs on the basis of a flow rate or (flux) calculation, the assessment of full technical
equivalency is much more complicated. Koerner and Daniel (1994) have proposed a
comparative assessment of GCLs to CCLs to be made on the basis of numerous
hydraulic, physical/mechanical, and construction criteria.

Using the above mentioned criteria, GCL’s are generally equivalent or superior to CCLs
with the exception of certain field installation issues, e.g., subgrade preparation,
puncturing, and direct contact by construction vehicles; with respect to certain hydraulic
issues such as time-of-travel and degradation due to cation exchange; and with respect
to mass transport issues, such as diffusion and retardation. It is suggested that with
proper subgrade preparation and soil covering in a timely manner and of sufficient
thickness, GCLs can be adequately installed. Equivalency with respect to the hydraulic
and other design criteria must be determined on a project-by-project basis. The issue of
the cation exchange potential of GCLs has recently received much attention and the
reader is referred to Shackelford et al. (2000) and Jo et al. (2001) for additional
information.

One of the more significant issues associated with the use of GCLs is that of adequate
shear strength when GCLs are installed on sideslopes. A major task of this project



focused on this topic. Constructability issues involving GCLs are also important with
respect to composite liners, i.e., GM/GCL intimate contact.

1.4.1.4 Composite Liners

While any of the three liner materials just described (CCL, GM, and GCL) can be used
as a barrier material by itself, it is the combination of two or more of the components
that has proven to be most effective in terms of liquid and gas containment. In each
case of a composite liner, the GM forms the upper component, with the soil or GCL
being the lower component(s). From practical experience, most composite liners fall
into one of the following categories:

e GM over CCL (GM/CCL);
e GM over GCL (GM/GCL); or
e GM over GCL over CCL (GM/GCL/CCL).

In all cases, the basic premise of using a composite liner is that leakage through a hole
or defect in the GM is impeded by the presence of the CCL or GCL. Figure 1-4
illustrates the concept. If a CCL or GCL is used alone, liquid migration can occur over
the entire area of the liner that is subject to a hydraulic head. If a GM is used alone and
is placed on a permeable substrate, the rate of flow through a hole in the GM can
approach the rate of flow through a similarly-sized orifice. In a composite liner, leakage
will only occur at the location of the GM hole, but it will be much slower than flow
through an orifice due to the hydraulic impedance provided by the CCL or GCL. The
level of impedance provided by the CCL or GCL is a function of the hydraulic
conductivity of that material, and the amount of lateral flow at the interface between the
GM and CCL or GCL. The amount of interface flow is a function of the "intimacy" of the
contact between the GM and CCL or GCL components (Giroud and Bonaparte, 1989;
Gross et al., 1990). Both theoretical investigations and field performance studies have
shown that leakage through composite liners is much less than leakage through GMs
alone or soil liners alone (Bonaparte and Othman, 1995). Due to their superior
performance capabilities, in comparison to GMs, CCLs, or GCLs alone, composite liners
have been incorporated into federal minimum requirements for both MSW and
hazardous waste landfills, and they are being increasingly used in a wide variety of
waste containment system applications.

In considering the use of composite liners, design engineers are often faced with
evaluating the relative merits of using a GM/CCL composite liner versus a GM/GCL
composite liner. Technical, cost, constructability, and disposal capacity (i.e., airspace)
considerations will govern liner selection on a project-by-project basis. An important
concept in comparing GM/CCL and GM/GCL composite liners is “technical
equivalency.” Establishing the technical equivalency of a GM/GCL barrier to a GM/CCL
barrier on a specific project requires consideration of a number of design and
performance criteria. In some cases, it may be advantageous to consider a three-
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component composite liner. A three-component composite liner may be appropriate, for
example, where clay material capable of achieving the required hydraulic conductivity
performance criterion is not available, but use of a GCL by itself is not adequate for the
lower component of the composite liner (due to, for example, the need for a CCL
component to address issues related to time-of-travel, cation exchange, or puncture
potential).

With respect to liquid migration through a GM hole in a GM/GCL composite liner,
concern has been expressed with respect to the potential magnitude of interface flow
within the GT that covers the GCL. This concern, however, has been shown
experimentally to be of only minor consequence (Wilson-Fahmy and Koerner, 1995).
The reason behind this finding is that the bentonite of the GCL hydrates and either
extrudes or intrudes into the covering GT. A more significant issue than high
transmissivity within the covering GT is one of possible lower interface shear strength
with the material above. The same issue holds for materials that are beneath the GCL.

GMs undergo expansion and contraction in response to exposure to sunlight and
temperature when placed and seamed together in the field. If seaming occurs with the
GM taut, tensile stresses are induced in the GM when the temperature decreases (e.g.,
after the GM is covered with soil) and the GM contracts. GMs transitioning from
sideslopes to the flat interior of a landfill cell have lifted off the ground in a trampoline-
like manner due to contractive stresses. To avoid trampolining, a GM may be placed
with some slack such that during subsequent contraction at cooler temperatures, the
material will lie flat with essentially no internal tensile stress. Slack is incorporated in
the form of waves, or wrinkles. However, with this approach there is always a concern
that soil will be placed over the GM at a time when the waves still exist. The issue of
the disposition of these waves after backfilling has been investigated, and the results of
the investigation are presented in this report. It should be mentioned that all GM types
(except reinforced GMs) have similar thermal coefficients of expansion. However, stiffer
and thicker GMs, such as the polyethylene GMs, concentrate the waves and hence the
waves are more pronounced and visible. Polyethylene GMs were the focus of the
investigation described herein.

1.4.2 Drainage Materials

Fluid collection, conveyance, and removal represent another critical function of waste
containment systems for landfills, surface impoundments, and waste piles. The fluid to
be collected, conveyed, and removed will be leachate, water, impounded wastewater,
industrial liquid, or landfill gas. There are five typical locations where drainage materials
may be required within a waste containment system:

e LCRS beneath solid waste;

e LDS between primary and secondary liners of a double-liner system;
e internal drainage layer above the barrier in a final cover system,;
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e gas transmission layer beneath the barrier in a final cover system; and
e pore pressure relief system in areas of high groundwater.

Candidate drainage materials include soils, GNs, GTs, and/or GCs, and alternative
materials, such as tire chips. Granular soil and geosynthetic (i.e., GN, GC, and GT)
drainage layers are described below.

1.4.2.1  Granular Soils

Granular drainage materials are normally composed of relatively clean sand or gravel.
Gravel is material that does not pass through the 4.74-mm wide openings of a No. 4
sieve. Sand consists of material that passes through the No. 4 sieve but not through
the 0.075-mm wide openings of a No. 200 sieve. “Clean” sand or gravel refers to sand
or gravel that contains very little or no material that passes through the openings of a
No. 200 sieve. Clean sands and gravels are often produced by washing natural sands
and gravels to remove any “fines,” which are particles that pass through the openings of
a No. 200 sieve.

The drainage layer should meet filter criteria with the overlying layer of soil or waste. If
the drainage layer material does not meet these criteria, a granular soil or GT filter will
be required.

Specifications for granular materials often require:

e no more than 2 to 5% (dry-weight basis) of material passing the No. 200 sieve; a
“fines” content at the lower end of this range is usually preferable;

e a maximum particle size on the order of 25 to 50 mm; however, smaller particles
will typically be required if a GM will underlie the drainage layer; alternatively, a
GT cushion layer can be used;

e restrictions on gradation, stated in terms of allowable percentages for specified
sieve sizes (these restrictions may exist for various purposes, including filtration
considerations);

¢ limitations on mineralogy (often the drainage material is required to be a non-
carbonaceous material, with a limit on the amount of calcium carbonate in the
material, although hard evidence that carbonaceous materials are truly
unsuitable is lacking);

e restrictions on the angularity of the material, if the material will be in contact with
geosynthetics, which are vulnerable to puncture by large, sharp objects (or,
alternatively, a GT cushion may be employed);

¢ that no deleterious material be present; and

e a minimum acceptable saturated hydraulic conductivity.

The specified material requirements attempt to ensure that the materials will not
puncture adjacent geosynthetics, will be chemically stable, and will provide adequate
drainage.



The required thickness and hydraulic conductivity of natural soil drainage layers should
always be established on the basis of site-specific and material-specific considerations.
It is not recommended that regulatory-suggested minimum values be used without
verifying by calculations that such values are adequate. For example, regulatory
minimum hydraulic conductivity values of 1 x 102 cm/s (and in some states 1 x 10
cm/s) are often too low to satisfy rationally-based design criteria. The use of granular
drainage layers with permeabilities that are too low can lead to hydraulic head buildup
on liners or barriers and, in some cases, result in seepage-induced slope instability.
Lower permeability lateral drainage layers are also more prone to clogging and result in
longer leak detection times when used in an LDS. Higher hydraulic heads associated
with lower permeability drainage materials also increase the potential for liquid migration
out of the waste management unit.

The required flow capacity, q. (m>/s/m), of a granular drainage layer must be equal to or
greater than the product of the maximum flow rate, g (m®'s/m), obtained from the
design analyses and the factor of safety, FS (dimensionless):

dc 2 dm FS (Eq. 1-1)

The maximum flow rate for design should be established by appropriate analysis as
discussed below. The FS selected for design should be based on the level of
uncertainly inherent in the design input parameters and the consequences of failure. A
minimum FS value of 2.5 is recommended for cases where the uncertainly in input
parameters is low and the consequences of failure are small (e.g., no slope instability
for a final cover system, little potential for increased percolation or leakage). For some
situations, a larger FS may be appropriate. Koerner and Daniel (1997) have
recommended using a FS value of at least 5 to 10 to account for the uncertainties
typically inherent in the assessment of waste containment system hydraulic conditions.

For granular drainage layers, the drainage layer hydraulic conductivity is selected to
provide adequate flow capacity and unconfined flow conditions. For geosynthetic
drainage layers (discussed below), the drainage layer hydraulic transmissivity is
selected to provide adequate flow capacity and unconfined flow conditions. For all
drainage layer materials, the required field hydraulic properties for design are evaluated
considering the material properties measured in the laboratory and reduction factors
that consider the potential for reduction in the property over time due to long-term
clogging, deformation, etc., in the field.

For granular drainage layers, the field hydraulic conductivity can be computed as:

1
Ki =K|| =—=——=— Eq. 1-2
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where: kseig = long-term field hydraulic conductivity of granular drainage layer (m/s); k =

hydraulic conductivity of granular drainage layer (m/s) measured in the laboratory; RFcc
= reduction factor for chemical clogging (dimensionless); and RFgc = reduction factor for
biological clogging (dimensionless).

For geosynthetic drainage layers (discussed below), the field hydraulic transmissivity
can be computed as:

8, = el( 1 ] (Eq. 1-3)
RFRFxRF-cRF;sc
where: 6; = long-term field hydraulic transmissivity of geosynthetic drainage layer
(m3/s/m); 8, = hydraulic transmissivity of geosynthetic drainage layer (m*/s/m) measured
in the laboratory; RF\ = reduction factor for elastic deformation and/or or intrusion of the
adjacent geosynthetics into the drainage layer (dimensionless); RFcr = reduction factor
for creep deformation of the drainage layer and/or creep deformation of adjacent
materials into the drainage layer (dimensionless); and all other variables are as defined
previously.

It may occasionally be necessary to consider other reduction factors, such as factors for
installation damage or elevated temperature effects. If necessary, they can be included
on a site-specific basis. On the other hand, if the reduction factor has been included
some way in the test procedure for measuring the hydraulic property, the reduction
factor would appear in the foregoing formulation as a value of unity.

For design of LCRSs, the EPA Hydrologic Evaluation of Landfill Performance (HELP)
water balance model (Schroeder et al., 1994) is widely employed to obtain a leachate
generation rate for use in establishing an LCRS design flow rate (i.e., to establish gm).
The authors believe that the HELP model is useful for this purpose and as a design tool
for comparing different design scenarios. Limitations of the model as a predictive tool
are discussed subsequently in this report. To establish the design maximum flow rate
for LDSs, a primary liner leakage rate must be assumed. Maximum primary liner
leakage rates are sometimes taken as regulatory action leakage rates (ALRS) or are
established using an arbitrary conservative value (e.g., 1000 liters/ha-day) for purposes
of hydraulic design. A more rational approach has been presented by Giroud et al.
(1997). The 2002 update to the EPA technical guidance document for RCRA/CERCLA
final cover systems (i.e., Bonaparte et al., 2002) provides a detailed discussion of
procedures to obtain the design maximum flow rate for internal drainage layers in final
cover systems.

1.4.2.2 Geosynthetics
A number of different types of geosynthetics have been used as drainage layers in
waste containment systems. Geosynthetic drainage materials that have been used in
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these applications include:

e GNs of solid ribs with diamond-shaped apertures;

e GN of foamed ribs with diamond-shaped apertures;

e “high flow” GNs of solid ribs in a parallel orientation;

e drainage cores of single cuspations or dimples;

e drainage cores of double cuspations or dimples;

e drainage cores of built-up columns;

e drainage cores of stiff three-dimensional entangled mesh;
e needlepunched nonwoven GTs; and

e resin-bonded nonwoven GTs.

Like granular drainage layers, a geosynthetic drainage layer should meet filter criteria
with the overlying protection layer. Unless a GN or other core drainage material is
sandwiched between GMs, drainage cores require a GT filter to keep the overlying
material from directly clogging the apertures of the drain. Furthermore, if a GM
hydraulic barrier underlies a GN or core drainage layer, as is often the case, a GT may
be required between the drain and GM to provide higher interface shear resistance on
sideslopes and, possibly, reduce deformation-related intrusion of the GM into the drain
and/or protect the GM from puncture or other damage by the drain. Often the GT is
heat bonded or glued to the GN or drainage core, creating a GC, to enhance interface
shear strength, decrease the potential for fugitive soil particles to enter the drain during
construction, and facilitate installation. If a GT drainage layer is used, it should be
selected to meet filter criteria with the overlying material.

Specifications for geosynthetic drainage layers often require:

resin and additive requirements;

minimum thickness;

minimum mass per unit area;

minimum hydraulic transmissivity at a specified normal stress and hydraulic

gradient;

minimum strength requirements to survive installation;

e if the drainage material is a GN or core, inclusion of a GT filter above the drain;
and

e if the drainage material is a GN or core, inclusion of a GT beneath the drain, if

necessary, to increase interface shear resistance, reduce deformation-related

intrusion of an underlying hydraulic barrier material into the drain, and/or protect

the hydraulic barrier from puncture or other damage by the drain.

As with the hydraulic conductivity of a granular drainage layer, no specific minimum
hydraulic transmissivity can be recommended for a geosynthetic drainage material
because the required value is site dependent. To minimize the potential for excessive
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erosion and slope instability, however, the drainage layer should be able to convey the
maximum flow rate entirely in the layer without buildup of excess head. It is noted that a
geosynthetic drainage layer is generally required to have a higher transmissivity than
that for a granular drainage layer to convey the required design flow rate under
unconfined flow conditions. As discussed by Giroud et al. (2000), the geosynthetic
drainage layer hydraulic transmissivity that is equivalent to a granular drainage layer
hydraulic transmissivity for these conditions can be calculated as:

where: 049 = geosynthetic drainage layer transmissivity (m®/s/m); E = equivalency factor
(dimensionless); 64s = granular drainage layer transmissivity (m>/s/m); k¢s = granular

drainage layer hydraulic conductivity (m/s); and ty4s = granular drainage layer thickness
(m). The equivalency factor can be approximated as (Giroud et al., 2000):

Eo_ {1{ b J(COSBH (Eq. 1-5)
0.88| | 0.88L, \ tanp

where: L4 = length of drainage layer flow path (m), and all other terms are as defined
previously.

The hydraulic transmissivity of geosynthetic drainage layers can be measured in the
laboratory using ASTM D4716. The test setup should simulate the actual field
conditions as closely as possible in terms of boundary conditions, stresses, and
gradient.

1.4.3 Filtration Materials

To prevent clogging of drainage layers, it is often necessary to install a granular or GT
filter layer directly over the drainage layer material. The function of the filter is to limit
the migration of fines from the overlying soil into the underlying drainage layer, while
allowing unimpeded flow of liquid through the filter and into to the drainage layer. If
gravel is used as the drainage material, a filter is generally needed as a transition
between the overlying waste or soil and the gravel due to dissimilar particle sizes of the
respective soils. The filter can be either sand or a GT. If a geosynthetic is used as the
drainage material, the filter will always be a GT.

Filter criteria establish the relationship of grain sizes necessary to retain adjacent

materials and prevent clogging of a drainage layer, while allowing unimpeded
percolation.
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1.4.3.1  Granular Soils

Soil filters usually consist of fine to medium sand when placed over coarse sand or
gravel drainage layers. The filter particle size distribution must be carefully selected.
Fortunately, there is a considerable body of information available to use in selecting a
filter particle size distribution (see Koerner and Daniel (1997)). Typically, the criteria
described in Cedergren (1989) are used.

To prevent piping from the overlying soil or waste layer into the filter, and from the filter
into the drainage layer, these criteria require, respectively:

D15 (filter)/ Dgs (cover soil) < 4 to 5, and (Eq. 1-6)
D15 (drainage layer)/ Dgs (filter) <4 to 5 (Eq. 1-7)
To maintain adequate permeability of the filter layer and drainage layer, respectively:
D15 (filter)/ D15 (cover soil) >4 to 5, and (Eq. 1-8)
D15 (drainage layer)/ D15 (filter) >4 to 5 (Eq. 1-9)

where: Dgs = particle size at which 85% by dry weight of the soil particles are smaller
(mm); and D45 = particle size at which 15% by dry weight of the soil particles are
smaller (mm). The criteria should be satisfied for all layers or media in the drainage
system, including protection soll, filter material, and drainage material.

1.4.3.2 Geotextiles

A GT filter must be installed over a GN or GC drainage core when the adjacent material
is soil or waste. GT filters are also commonly placed over granular soil drainage layers.
As with soil filter layers, GT filters must allow water or leachate to pass unimpeded into
the drainage layer while retaining the overlying material and limiting the migration of
fines into the drainage material. As with soil filter layers, the design of GT filters
involves a two-step process: first to assess permeability (or permittivity); and second to
evaluate soil retention (or apparent opening size).

The first step in design of a GT filter is to establish the GT permittivity criterion. The
approach to defining this criterion involves first obtaining the permittivity required to
achieve unimpeded flow from the material overlying the GT (yrq) and then applying a
factor of safety to obtain the minimum acceptable GT permittivity for the purpose of
establishing the construction specification requirement (ymin). The following equations
may be used:

b

. (Eq.1-10)

Wreq =

-
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Eq. 1-11
Wmin :FS \Vreq ( q )

where: y = GT permittivity (s™); ko = GT saturated hydraulic conductivity of overlying
material (m/s); t = thickness of GT at a specified normal pressure (m); and FS = factor
of safety. A minimum factor of safety of 5 is recommended.

The testing of a GT for permittivity is conceptually similar to the testing of granular soils
permeability. In the U.S., the testing is usually performed using the permittivity test,
ASTM D4491. Alternatively, some design engineers prefer to work directly with
permeability and require the GT’s permeability to be some multiple of the adjacent soil’s
permeability (e.g., a minimum of 5 times higher).

The second step of the design of a GT filter is intended to assure adequate retention of
the upgradient soil. There are several methods available for establishing the soil
retention requirements of GT filters. Most of the available approaches involve a
comparison of the upstream material particle size characteristics and compare them to
the 95% opening size of the GT (i.e., defined as Ogs of the GT). The Ogs is the
approximate largest soil particle size that can pass through the GT. Various test
methods are used to estimate Ogs: (i) in the U.S., wet sieving is used and the value
thus obtained is called the apparent opening size (AOS), ASTM D4751; (ii) in Canada
and some European countries, hydrodynamic sieving is used and the value thus
obtained is called the Filtration Opening Size (FOS); and (iii) in other European
countries, wet sieving is used.

The simplest of the design methods compares the GT AOS to standard soil particle
sizes as follows (Koerner, 1998):

e for soil with < 50% passing the No. 200 sieve (0.074 mm): Ogs < 0.59 mm (i.e.,

AOS of the GT > No. 30 sieve); and
e for soil with > 50% passing the No. 200 sieve: Ogs < 0.33 mm (i.e., AOS of the

GT > No. 50 sieve).

Alternatively, a series of direct comparisons of GT opening size (Ogs , Osg , or O15) can
be made to some soil particle size to be retained (Dgg, Dgs , or D15). The numeric value
depends on the GT type, soil type, flow regime, etc. For example, Carroll (1983)
recommends the following relationship:

Ogs5 < (2 or 3) Dgs (Eq. 1-12)

where: Dgs = particle size at which 85% by dry weight of the soil particles are smaller
(mm); and Ogs = the 95% opening size of the GT (mm).
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However, as shown by Giroud (1982, 1996), this relationship should only be used if the
coefficient of uniformity of the soil to be protected is less than four. General procedures,
applicable for all values of the coefficient of uniformity of the soil to be protected, are
available, see Giroud (1982), Lafleur et al. (1989), and Luettich et al. (1992).

Occasionally, a drainage layer is placed directly against a GCL. For GT-encased GCLs,
the GT components may not be adequate to prevent migration of bentonite into the
drainage layer. The required filter criteria for this condition are under study, and the
manufacturer’'s and technical literature should be consulted. One study indicated that a
350 g/m? nonwoven, needlepunched GT provided adequate protection from bentonite
migration for all GCLs investigated (Estornell and Daniel, 1992).

1.4.4 Ancillary Materials and Components
There are a number of other geosynthetic materials that are occasionally or sometimes
used in waste containment systems. These other materials are briefly described below.

1.4.4.1 Plastic Pipe (aka Geopipe)
Plastic drainage pipe may be used for a variety of purposes in a waste containment
system:

e leachate conveyance and removal within the LCRS;

« liquid conveyance and removal within the LDS;

e percolation water removal within the final cover system internal drainage layer;

e landfill gas transmission and removal within a final cover system gas
transmission layer;

e gas extraction wells in a waste mass; and

» leachate injection into a waste mass where leachate recirculation is practiced.

The locations in a landfill where pipes are subjected to the highest compressive
stresses are in the LCRS and LDS. These collection systems typically underlie the
deepest parts of a landfill, and the compressive strength of the pipe may not be
adequate in landfills having large depths of waste.

The allowable overburden stress that can be applied to a given plastic pipe is usually
governed by a limiting deflection criterion which design engineers often evaluate using
the lowa State formula (Moser, 1990). This formula uses the full prism weight of the
height of overburden and is believed to be conservative (i.e., the formula does not
account for soil arching). The subject of plastic pipe capacity will be addressed in this
report.

The potential for pipe clogging must also be considered by landfill design engineers.
Several states require annual pipe inspection and cleanout as a means to demonstrate
that a landfill piping system (or at least part of it) remains functional. While pipe
inspections provide information on conditions within the pipe, they do not provide
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information on the condition of the pipe backfill or the condition of any filter layer
surrounding the pipe backfill. The long-term performance of these waste containment
system components with respect to clogging is a subject that merits further
investigation.

For piping systems above or within the solid waste (e.g., pipes in the final cover system
and pipes used for gas removal or leachate injection), a key design criterion is pipe
flexibility. This flexibility is required to accommodate waste settlement (both total and
differential) and, in seismic impact zones, seismically-induced deformations.
Corrugated or profiled drainage pipe exhibits a high degree of flexibility compared to
rigid wall plastic pipe. Corrugated pipe is, however, less strong than rigid wall pipe, and
the performance of connections and outlet details must be adequately considered.

1.4.4.2 GM Protection

When granular soil is used to construct an LCRS, it is placed directly above the
hydraulic barrier layer, as shown in Figures 1-1 and 1-3. If the soil consists of a coarse
sand or gravel, and if the hydraulic barrier includes a GM, the possibility of puncturing of
the GM exists. For this situation, a cushion layer may need to be placed between the
granular soil and GM. Needlepunched nonwoven GTs are typically used in this
application. The key design parameter for GT cushions is the required mass per unit
area. An investigation of GM puncture protection was undertaken during the course of
this study, and a design methodology was developed for calculating the required mass
per unit area of GT needed to prevent puncture. The results of this study are presented
in Chapter 2.

1.4.4.3 Erosion Control

For many final cover systems, the establishment of plant species may be aided by
placing a natural or GEC layer on the surface before, during, or after seeding. The fact
that the final cover system construction is often completed late in the year (i.e., often
occurs at the end of the growing season) adds to the need for proactive erosion control
measures. Erosion can be harmful in more ways than simply adding to maintenance
costs. For example, erosion can lead to clogging of toe drains and exposure of the final
cover system internal drainage and/or barrier to unanticipated physical and climatic
stresses.

The selection of erosion control materials is based upon the slope angle, slope length,
hydrology, time of year, etc. Indeed, there are many such materials to fulfill site-specific
needs. Theisen (1992) categorizes the materials, and each is further described in
Koerner and Daniel (1997). The field performance of several GEC materials was
evaluated as a component of the GCL test plot program described in this report.

1.5 Issues Evaluated in This Study
During the course of this four-year study, various concerns regarding the design
construction, and performance of waste containment systems were investigated. By
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association with the different principal investigators, these concerns were divided into
three broad areas: (i) geosynthetic materials; (ii) natural soil materials; and (iii) field
performance. Each area will be described briefly in this section and will then be
elaborated upon in the individual chapters and appendices of this report. The
remainder of this report is structured as follows:

e geosynthetic material studies are described in Chapter 2 along with Appendices
A and B; the principal investigator for these studies was Professor Robert M.
Koerner, P.E.;

e natural soil material studies are described in Chapters 3 and 4 along with
Appendices C and D; the principal investigator for these studies was Professor
David E. Daniel, P.E.;

« field performance studies are described in Chapter 5 along with Appendices E
and F; the principal investigator for these studies was Dr. Rudy Bonaparte, P.E.;

e asummary of the project is presented in Chapter 6; and

e long-term landfill management strategies are presented in Appendix G.

1.5.1 Geosynthetic Materials Tasks

Since at least 1982, when the EPA first promulgated regulations requiring the use of
GMs in hazardous waste landfill liner systems, a number of different geosynthetic
materials have been used in waste containment systems. While geosynthetic materials
and design methods have advanced greatly since that time, a number of important
technical issues remain. The geosynthetic tasks were undertaken to address five such
issues.

1.5.1.1  Puncture Protection of GMs

The possible puncture of GMs from underlying stones in the soil subgrade or from
overlying granular drainage materials was experimentally evaluated. The focus of the
evaluation was on HDPE GMs since this type of GM is widely used as a liner material
beneath the waste mass (where stresses are the highest).

Based on the results of the experimental investigation, a design methodology was
developed that can be used to calculate the mass per unit area required for a
needlepunched nonwoven GT to prevent puncture of an adjacent GM by a certain size
particle.

1.5.1.2 Wave Behavior in HDPE GMs

An experimental evaluation of the fate and disposition of waves, or wrinkles, in HDPE
GMs was undertaken. As previously discussed, waves can prevent intimate contact
between the GM and natural soil or GCL components of a composite liner and disrupt
LCRS and/or LDS flow paths. If severe, waves could also produce unacceptable
residual stresses in the GM, which can adversely impact GM service life. The
disposition of waves when subsequently covered with soil was evaluated through a
large-scale laboratory-testing program. The effects of wave height, applied stress, GM
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thickness, and ambient temperature on wave disposition were assessed. All of the
tests incorporated strain gaging on the GMs so as to evaluate residual stresses in the
test specimens.

All tests were conducted for 1,000 hours, except for one test performed for 10,000
hours. A viscoelastic model was used to extrapolate GM tensile strains measured
during the 1,000 hour tests out to 10,000 hours. A second model was used to convert
the resulting strains into residual stresses. The results are informative and lead to
improved recommendations for GM installation.

1.56.1.3 Plastic Pipe Behavior Under High Overburden Stresses

With the current tendency toward large regional landfills, the height of landfilled wastes
is steadily increasing. Fifty-meter high landfills are commonplace, and 100-m high
landfills are known to exist. Pipes within the LCRS and LDS beneath such high landfills
must be able to function under the high imposed overburden stresses, or, alternatively,
the performance limits of these materials (in terms of maximum allowable overburden
stress) must be defined.

In this study, the behavior of plastic pipe with respect to excessive deformation was
evaluated. A finite element model (FEM) was developed to model the stress-
deformation behavior of plastic pipe under high overburden stress. A number of pipe
and bedding configurations, including different pipe wall thicknesses, were evaluated.
Graphs of waste height versus deformation under both short-term and long-term
conditions were developed and calibrated against available test data. Design
recommendations are provided.

1.5.1.4  Prediction of GT Service Life

An experimental study to provide data to predict the service life of polypropylene (PP)
GTs, polyethylene (PE) geogrids, and polyester (PET) GTs was initiated and is ongoing.
The study involves incubation in forced air ovens (oxidation) for the PP GTs and PE
geogrids, and in water baths (hydrolysis) for the PET GTs. All incubations are at
elevated temperatures, i.e., 50°C to 85°C. The data resulting from post-immersion tests
will be extrapolated to site-specific temperatures to estimate the time for 50%
degradation of some engineering property (i.e., the halflife) for each material.

As part of this task, a side issue was investigated. This side issue had to do with the
potential for auto-catalytic degradation of GTs that had already been partially-degraded
by exposure to sunlight after the GTs were backfilled and protected from further
exposure to ultraviolet light. The result of the experiments indicates that degradation
does not continue after the GT is buried, i.e., the mechanism is not auto-catalytic.
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1.6.1.5  Prediction of GM Service Life

An experimental and analytical program was undertaken to develop estimates of the
service life of HDPE GMs. As a first step in this effort, three stages in the degradation
process were identified:

e antioxidant depletion;
¢ induction; and
¢ half-life (i.e., 50% degradation) of an engineering property.

Laboratory incubation chambers, designed to simulate oxidizing conditions below the
GM and liquid exposure above the BM and a compressive stress equivalent to a 30 m
high landfill, were used to obtain data to estimate the time durations of the first two
stages of the degradation process. Work is still ongoing to further define the duration of
the third stage under the test condition. Also, several additional incubation scenarios
are still under investigation, i.e., exposure of the GM to moving water, exposure in air,
and exposure under simulated sunlight.

1.5.2 Natural Materials Tasks

Natural materials (clays and granular soils) are widely used for a variety of functions in
waste containment systems. A number of tasks were undertaken to address issues and
questions remaining with respect to the use of these natural materials in waste
containment systems.

1.56.2.1  GCL Test Plots in Cincinnati, Ohio

This task involved design, construction, and performance monitoring of 14 full-scale
final cover system test plots, all containing a GCL hydraulic barrier component. The
test plots were constructed on both 3H:1V slopes and 2H:1V slopes. The goal of this
task was to evaluate the internal shear strength of three of the four types of
commercially-available GCLs (see Section 1.4.1.3), namely:

e needlepunched reinforced GCL;
e stitch-bonded reinforced GCL; and
e unreinforced GM/bentonite composite GCL.

Four different commercially-available products were evaluated. The test plot slopes
were constructed in November of 1994, and internal stresses were mobilized by cutting
the overlying geosynthetics in the spring of 1995. Monitoring (using subgrade moisture
sensors, bentonite moisture sensors, and deformation gages on the upper and lower
surfaces of the GCLs) has been ongoing. This has resulted in a number of important
technical findings, recommendations regarding the design of GCLs for final cover
system applications, and recommendations for using GCL materials on sideslopes.
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1.56.2.2 CCL Test Pad Analysis

This task involved collecting and analyzing data on the field performance of CCL test
pads that had been constructed and monitored. The test pads were located throughout
the U.S. In all, data from 102 test pad projects were obtained and analyzed. Eighty-
seven of the test pads were constructed to verify that a hydraulic conductivity of 1 x 10-7
cm/s or less could be achieved using the proposed project soil material and
construction methods. Test pad results were correlated to a number of different
variables, including:

index properties;

particle-size distribution;
compaction moisture content;
degree of saturation;
compaction density; and

total thickness.

This task also involved the analysis of laboratory hydraulic conductivity testing of soils
from the test pad sites (whenever available) to establish correlation between results
from laboratory and field hydraulic conductivity tests.

1.56.2.3 Admixed Liners

This task focused on the use of soil-bentonite mixtures in admixed natural soil liners to
achieve a hydraulic conductivity of 1 x 10-7 cm/s or less. Admixtures are often used
when local borrow soil alone is not capable of meeting the hydraulic conductivity
criterion. In many cases, the addition of bentonite into the soil, typically at a dry weight
application rate of 2 to 12%, will produce an admixed soil liner capable of meeting the
hydraulic conductivity criterion.

For this task, a database of 12 case studies was developed. The case study
information is presented and analyzed. Comparisons to the findings for CCL liners are
also presented.

1.5.2.4  CCLs in Final Covers

Federal regulations and most state regulations allow the use of CCLs either alone, or in
combination with a GM, as a component of landfill final cover systems. Concerns
associated with the use of CCLs in final cover systems include:

degradation due to freeze-thaw;

degradation due to shrink-swell;

cracking from differential settlement; and
deformations when placed on steep sideslopes.
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For this task a number of field case histories were collected and analyzed. Results of
the analysis are presented and recommendations with respect to the use of CCLs in
final cover systems are presented.

1.5.3 Field Performance Tasks

Solid waste containment facility regulations have been in place for a number of years
and assessment of the field performance of facilities meeting these regulations and
especially the more recent regulations (e.g., land disposal restrictions of 40 CFR 268,
which were progressively implemented from 1986 to 1994), is both timely and essential.
These tasks are focused on providing information and insight into the field performance
of waste containment systems, particularly liner and final cover systems for landfills.
The four field performance tasks performed for this project are described below.

1.56.3.1  Review of Published Information

Available published information on the field performance of modern waste containment
systems generally designed and constructed to current standards was collected and
reviewed. The collected information, including approximately 100 technical papers and
reports, is related to the performance of liner systems, final cover systems, LCRSs, and
entire waste management units. The state of knowledge with respect to the field
performance of these systems has been assessed and is included in the following field
performance tasks.

1.6.3.2  Data Collection and Analysis

Data related to the performance of liner systems for double-lined waste management
facilities designed and constructed to current standards have been collected and
analyzed for 54 landfill facilities, representing a total of 189 landfill cells. The data cover
more than an eight-year monitoring period for some facilities. The data was assembled
into a database that includes: (i) general facility information (e.g., location, average
annual rainfall, and subsurface soil type); (ii) general cell information (e.g., waste type,
cell area, dates of construction, operation, and closure); (iii) details of the liner system
and final cover system (e.g., material type, thickness, and hydraulic conductivity of each
layer); (iv) LCRS flow quantities and chemical constituent concentrations; and (v) LDS
flow quantities and chemical constituent concentrations. The results of this task are
summarized and analyzed, and conclusions are drawn with respect to leachate
generation rates, GM and composite liner performance capabilities, and leachate
chemical constituents.

1.56.3.3 Assessment of Problem Facilities

Through the work conducted as part of the previous two tasks, as well as a
supplemental survey of the technical literature and interviews with regulatory personnel,
waste containment system problems were identified at 66 landfill and five surface
impoundment facilities. The problems generally deal with the following areas; (i) slope
instability or excessive deformation of liner systems or cover systems; (ii) defective as-
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built components of liner systems or final cover systems; (iii) degraded components of
liner systems or final cover systems; and (iv) malfunction of LCRSs or LDSs, or
operational problems with these systems. The primary human factor contributing to the
problem is classified as design, construction, or operation related. Case histories of the
problems are provided. The case histories document the observed problem, the
design, construction, and/or operational factors that led to the problem, and any
implemented solution and present specific lessons that can be learned from the
problem. Based on an evaluation of the data for the facilities, recommendations are
developed for reducing such problems in the future.

1.5.3.4 Comparison of Actual and HELP Model Predicted LCRS Flow Rates
Measured LCRS flow rates for eight landfill cells are compared to flow rates predicted
using Version 3.04a of the EPA HELP computer code. Cells were selected for
evaluation based on: (i) the completeness of design, operation, and LCRS flow rate
data for the cells; and (ii) waste type and geographic location of the cells. The
measured LCRS flow rates are compared to flow rates simulated using the HELP model
to assess whether the observed trends in measured flows from cells with different waste
types and in different geographic locations are reasonably predicted. The HELP model
simulations were performed using estimated hydraulic properties for the landfill liner
system components and waste and either: (i) synthetic solar radiation, rainfall, and
temperature data generated for the site using the HELP model, or (ii) synthetic solar
radiation data and actual rainfall and temperature data recorded in the vicinity of the
site. A parametric analysis is also performed to develop general guidelines on the
selection of HELP model input parameters to better predict LCRS flow rates.
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Chapter 2
Geosynthetic Tasks

This chapter presents the results of tasks that were directed specifically toward
geosynthetics. Five different topics were investigated on the basis of concerns shared
by the Agency and the principal investigators. The five topics are the following:

e puncture protection of GMs;

wave behavior in HDPE GMs (with additional detail in Appendix A);
plastic pipe behavior under high vertical stresses;

lifetime prediction of GTs; and

lifetime prediction of GMs (with additional detail in Appendix B).

2.1 Puncture Protection of GMs

GMs are used as barrier layers in various applications such as, in liner systems and
cover systems for landfills, waste piles, and surface impoundments; as liners for oil and
gas tank secondary containment systems; and for other environmental applications.
Because GMs are located at the base of these contained materials, remediation of a
puncture failure would generally be very difficult and expensive. This, in addition to the
fact that detection of failure is not easily accomplished and, in some cases, may not
even be possible, emphasizes the need to adequately protect GMs against puncture.
Leakage through the GM in many of these applications may pose a risk to human
health and the environment.

2.1.1 Overview

One of the mechanisms by which the hydraulic barrier function of a GM may be
compromised is puncture. Puncture holes in a GM will increase the potential for
leakage through it, whether the GM is the entire hydraulic barrier or part of a composite
liner (Giroud and Bonaparte, 1989).

In GM applications, the puncturing object may be a stone in the subgrade or leachate
collection soil placed above the GM. Because of a lack of a rational design method,
puncture design is currently considered in a rather arbitrary manner. For example, the
current state-of-practice for landfill liner system applications in the U.S. involves the use
of a needlepunched nonwoven GT with a mass per unit area in the range of 250 to 600
g/m2 as a protection material depending upon the maximum size of material in contact
with the GM. On the other hand, significantly heavier needlepunched nonwoven GTs
(mass per unit area of 1000 to 3000 g/m?2) are used in Germany despite the fact that
only rounded gravel is allowed above the GM. The discrepancy between these two
practices emphasizes the need for a rational design method capable of providing a
puncture free GM as cost effective as possible.
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In this chapter, a theoretical framework for evaluating the puncture behavior of GMs is
presented first. The framework is applicable to unprotected GMs as well as GMs
protected using needlepunched nonwoven GTs. The puncturing object is characterized
by its shape and height above a firm subgrade. The GM behavior is considered in
terms of its tensile load-elongation behavior. The protection material is characterized
by both its thickness and its load-elongation behavior.

Following development of the theoretical framework, the results of an experimental
study are presented in which the performance of a variety of protection materials is
evaluated. The tested materials included nonwoven and woven GTs (both virgin and
recycled), GCLs, used carpets (both industrial and domestic), and shredded tire rubber
mats. The main focus is, however, on virgin needlepunched nonwoven GTs since
these are the most commonly used materials for GM puncture protection. The GM
used in most of the study is a 1.5-mm thick HDPE GM.

Based on the data obtained from the experimental investigation and supplemented by
predictions using the theoretical analysis, a design methodology, with examples, is
presented for use with needlepunched nonwoven GTs used as protection layers under
a variety of possible field conditions.

2.1.2 Theoretical Aspects of GM Puncture

A framework for considering GM puncture has been developed by considering
axisymmetric conditions on a single isolated protrusion (Figure 2-1). The loading is
assumed to be hydrostatic allowing for the deformed catenary shape of the GM to
gradually decrease into the underlying void space. Simultaneously, a larger portion of
the GM conforms to the tip of the protrusion. To obtain a solution, several assumptions
are necessary:

e the GM possesses no bending stiffness;

¢ the load-extension behavior of the GM is linear elastic;

e the GM in contact with the protrusion tip is assumed to be in a state of equal stress
by analogy with membrane theory for a GM subjected to hydrostatic pressure;

e the contact between the GM and the protrusion tip is frictionless;

e tensile strains cease to occur in the GM after it conforms to the subgrade, i.e., the
portion of the GM in contact with the subgrade becomes fixed in its position;

¢ the suspended portion of the GM is in a state of equal tension, i.e., the force per
unit width at any radius multiplied by the circumference at that radius is constant;
and

e Poisson’s ratio effect is neglected.

From the equilibrium of an infinitesimal element, the following equation results:

27(R, - x)pds = 2F, sin(dTl//) (Eq. 2-1)
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where:

(Ri-x) = radius from protrusion center to an infinitesimal element;
ds = chord length of the element;
i = subscript referring to the instantaneous position of the GM;
Pi = pressure applied from overlying material;
Fi = total force in GM, i.e., force/unit width at any radius multiplied by
the circumference at that radius; and
dy = change in tangent slope angle.
I:i
ds
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dv
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Figure 2-1. Geometry used in theoretical analysis for GM puncture.

As part of this research study, Equation 2-1 was solved with various boundary
conditions and material (GM and GT) properties. From the result of this study, the
following conclusions were reached by Wilson-Fahmy et al. (1996):
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e The protrusion height simulates an isolated stone on a soil subgrade.

e Decreasing the tip radius is indicative of sharper stones or other puncturing
objects.

e Ry/H ratios greater than 4.0 are representative of an isolated stone case.

e For a closely spaced assemblage of cones, e.g., a gravel drainage layer, a
protrusion height equal to one-half of the maximum stone size is a reasonable
approximation.

e The required puncture resistance is decreased for smaller stones rather than large
ones, rounded stones rather than angular ones, and a bed of stones as compared
to isolated stones.

e The puncture strength of a GM is improved with greater thickness, use of a GT,
use of relatively thick GTs, and increased tensile strength of the GT.

2.1.3 Experimental Aspects of GM Puncture

A truncated cone arrangement was used to simulate a worst-case field condition. An
array of three such cones was placed in a pressure vessel and backfilled with sand,
leaving a protrusion height of a given amount (Figure 2-2). Using this device,
approximately 200 tests were conducted for a range of conditions to evaluate the effects
of GM puncture behavior. These tests consisted of the following material variations:

e HDPE GMs - 1.0 to 2.5 mm thick;

e PP and PET needlepunched nonwoven GTs - mass per unit area of 130 to 1350
g/m?;

continuous filament and staple fiber GTs;

an assortment of other GTs made from virgin and post consumer plastics;
discarded carpets; and

rubber tire mats.

The test results demonstrated the improved puncture resistance of GMs protected by
needlepunched nonwoven GTs compared to GMs alone. Both PP and PET, comprised
of either continuous or staple fibers, produced a set of curves with very uniform trends
(Figure 2-3). The test results for these materials were used to develop an equation that
forms the basis of the design method:

M
Pallow =450 F (Eq. 2-2)
where:
pallow = allowable bearing pressure for GT-protected 1.5-mm thick
HDPE GM (kPa);
M = mass per unit area of the protection GT (g/m2); and
H = effective height of the protruding object (mm).
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Figure 2-2. Details of the hydraulic pressure vessel and truncated cones for
geomembrane puncture evaluation tests.
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Figure 2-3. Failure pressure versus mass per unit area for nonwoven needle
punched GTs at different cone heights. Data includes both PET
continuous filament (not encircled) and PP staple fiber (encircled)
GTs.

The failure pressures predicted using Equation 2-2 are plotted against the actual failure
pressures from the laboratory tests in Figure 2-4, which is seen to result in a correlation
coefficient of 0.973.

Equation 2-2 was then adjusted from the worst-case truncated cones used in the
experiments to actual soils through introduction of a number of different experimentally-
obtained modification factors to account for particle shape, packing density, arching,
and reduction factors to account for GT creep and long-term degradation. The final
form of the equation, as presented by Narejo et al. (1996), is:

M 1 1
! =|450— Eq. 2-3

Pallow ( H2)[MFS xMFop XMFA][RFCR xRFCBDJ (Ea. 2-3)
where:
Phiow - Modified allowable pressure for GT-protected 1.5-mm thick HDPE GM (kPa);
M = mass per unit area of the protection GT (g/m2);
H = effective height of the protruding object (mm);
MFs = modification factor for protrusion shape (= 1.0);

MFpp = modification factor for packing density (= 1.0);
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MFa = modification factor for arching (= 1.0);
RFcr = reduction factor for creep (< 1.0); and
RFcep = reduction factor for chemical/biological degradation (<1.0).

Finally, the factor of safety is formulated in the traditional manner:

Fs=_Pallow (Eq. 2-4)
papplied
where:

FS = factor of safety; and
Papplied = applied pressure (kPa) (i.e., the maximum pressure exerted on the GM).
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Figure 2-4. Measured values versus empirically predicted failure pressures for all
nonwoven needle punched GTs evaluated in association with 1.5 mm
HDPE GMs. Data includes both PET continuous filament (not
encircled) and PP staple fiber (encircled) GTs.
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2.1.4 Puncture Protection Design Methodology

Equations 2-3 and 2-4 provide the basis for a puncture protection design methodology.
If the protection GT mass per unit area is known, the two equations are solved to obtain
a factor of safety against puncture. If the protection GT is not known (as is usually the
case in design), a factor of safety is selected and the equations are solved for the
unknown, M, the required mass per unit area of the GT. For purposes of the design
examples in this chapter, a factor of safety of 3.0 has been used. This factor of safety
value is arbitrary, and the design engineer will need to select a value considering project
specific criteria. Given the uncertainties associated with any real design case, a
minimum factor of safety of 2.5 is recommended.

2.1.5 Examples
The following illustrative examples are taken from Koerner et al. (1996).

(a) A 30-m high landfill using 25 to 38-mm size gravel as a leachate collection layer on
a 1.5-mm thick HDPE GM requires a protective cushion consisting of a GT
protection layer having a mass per unit area of 590 g/m?2 to achieve a FS = 3.0.

(b) The same problem, but now for 100 m of waste, requires a protective cushion
consisting of a GT protection layer having a mass unit area of 1,600 g/m2 to achieve
aFS=3.0.

(c) Using a 2000 g/m2 GT under 16 to 32 mm rounded leachate collection stone (as
required in Germany) for a 30-m high landfill results in FS = 15.

(d) A 10-m deep surface impoundment with 12-mm size stones in the soil subgrade
under the GM requires a 330 g/m2 GT, while the same conditions but 25-mm size
stones requires a 550 g/m2 GT. Both examples use a FS = 3.0.

Using the available design methodology and a site-specific FS, the required mass per
unit area of a needlepunched nonwoven protection GT over or under an HDPE GM can
be obtained. It should be noted that puncture during installation is not addressed by this
method. GTs require a minimum mass per unit area based on installation
considerations alone (Richardson, 1996).

2.2 Wave Behavior in GMs

It is a frequent occurrence to see thermally-induced waves in seamed GMs after
installation and prior to covering or backfilling. The fate and disposition of these waves
after backfilling were studied in this task. The study involved laboratory modeling under
controlled conditions. Due to their relative stiffness and thickness, waves are of more
concern for HDPE GMs than for most other commercially-available products. Thus,
HDPE GMs were the focus of the study. It should be noted, however, that all GMs in
commercial use have coefficients of expansion/contraction within an order of magnitude
of one another, and the problem of excess slack is common to all types of GM products.
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2.2.1 Large-Scale Experiments

A large-scale (1.8 m by 1.0 m by 1.0 m) experimental test box was constructed in the
laboratory to evaluate the behavior of HDPE GM waves. Smooth HDPE GM
specimens, 1.5 mm thick, of different lengths were placed in the box to create waves of
different sizes, and sand was placed over the specimens (Figure 2-5). The box had
plastic front and rear windows for visual monitoring of wave deformation under normal
stress. The results for the initial series of tests on large, moderate and small waves, as
quantified by the height-to-width (H/W) ratio, are given in Figure 2-6. Note that even
under the highest normal stress that could be exerted by the box (e.g., 70 kPa), the
waves remained and the H/W ratios increased considerably over the original H/W ratios.

By adjusting the ends of the waves to be located at the edges of the viewing windows
and applying normal stress, it was seen that the wave end points did not move,
irrespective of the amount of GM lying horizontally beyond the wave. It was concluded
that as normal stress is applied to the entire GM, the flat GM surfaces are held in
position by mobilized frictional forces between the GM and overlying and underlying
sand layers. This was the case for all tests. Thus, the only wave movement possible is
in decreasing the void space beneath the original size wave. There is no meaningful
lateral deformation beyond the wave itself. One consequence of this observation is that
the frictional forces on the upper and lower GM surfaces restrict the ability of GM waves
to dissipate laterally as normal stresses are applied in the field. A second
consequence, applicable to laboratory testing, is that smaller laboratory test boxes can
be used with full sized waves as the GM lengths beyond the wave end points need not
be large. It is easier to apply high normal stresses (e.g., greater than 1,000 kPa) to a
smaller box. In addition, the smaller setups could be housed in an environmental room.
As a result, four steel boxes measuring 300 mm by 300 mm by 300 mm were
assembled with thick plastic faces for visual observation. The large box was
subsequently used for a 10,000 hour control test.

2.2.2 Small-Scale Experiments and Results

Using the smaller boxes, a number of variables were investigated (Table 2-1). In all of
these tests, at least six electrical resistance strain gages were bonded to the surfaces of
the smooth HDPE GM near the crest and inflection points. The gages were bonded
onto the side of the GM subject to extensional deformations. All tests were conducted
for 1,000 hours. The results of these tests are summarized below:

Regarding the original wave heights (which varied from 14 to 80 mm):
e wave height decreased with increasing normal stress;
e an average reduction in wave heights of 40% was observed after 1,000 hours;
e GM thickness had a negligible effect on the decrease of wave height with normal
stress;
¢ there was a slight decrease in wave height with increasing temperature;
e final wave heights were 5 to 47 mm; and
¢ intimate contact with the soil subgrade was never achieved.
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Table 2-1. Experiments Conducted Using Small-Scale Test Boxes.

Experimental Experimental Conditions
Parameter Normal Stress  Original Height of = GM Thickness Temperature
Evaluated (kPa) Wave, (mm) (mm) (°C)
180
Normal Stress 360 60 1.5 23
(kPa) 700
1,100
14
20
Height of Wave 700 40 1.5 23
(mm) 60
80
GM Thickness 1.0
(mm) 700 60 1.5 23
2.0
2.5
Testing 14 23
Temperature 700 20 1.5 42
(°C) 40 55
60

Regarding the original H/W values for the waves (which varied from 0.17 to 0.33):

e H/W increased with increasing normal stress;

H/W increased approximately linearly with increasing original wave height;
H/W decreased approximately linearly with increasing GM thickness;

H/W decreased slightly with increasing temperature; and

final H/W values varied from 0.14 to 0.65.

Regarding the tensile strains measured along the top of the GM near the crest of the
wave and the bottom of the GM near the inflection points of the wave at its sides:

strains increased with increasing normal stress;

strains increased with increasing original wave height;

strains increased with increasing GM thickness;

strains increased slightly with increasing temperature; and
maximum strains within each test series varied from 3.2% to 4.9%.

2.2.3 Data Extrapolation and Analysis

The results of a 10,000-hour control test performed in the large box were compared to
predicted results extrapolated using experimental data up to 1,000 hours and the
Kelvin-chain model. This model has been shown to be applicable for extrapolating
physical property test results for a wide range of polymeric geosynthetic materials,
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Soong and Koerner (1998). The extrapolated data showed good agreement with the
experimental data. Therefore, it was considered reasonable to extrapolate all of the
data from the 1,000-hour experiments to 10,000 hours using the Kelvin-chain model.
The resulting values of maximum tensile strains were converted to stresses using
temperature adjusted moduli values. The resulting tensile stresses were adjusted
downward to account for stress relaxation using a Maxwell-Weichert model, see Soong
and Lord (1998). The effect of stress relaxation was to significantly decrease the
residual stress values compared to the non-adjusted values. However, the residual
stresses were still significant. Table 2-2 gives the residual stresses remaining in the
waves after 10,000 hours, and the corresponding percentage of short-term yield stress
values.

2.2.4 Discussion

These laboratory tests appear to indicate that waves remaining in field-seamed HDPE
GMs at the time of covering or backfilling do not disappear. Even the smallest wave (14
mm), at the highest normal stress (1100 kPa), for the thinnest GM (1.0 mm), at the
highest temperature (55°C), remained elevated above the soil subgrade. The authors'
conclusions with respect to the possible significance of these findings are as follows:

¢ intimate contact with the soil subgrade is not achieved when even only small
waves remain in an HDPE GM upon backfilling, and even when the GM is
subjected to relatively high normal stresses;

¢ all waves not in contact with the subgrade have some amount of residual tensile
stress, the amount depending primarily on the size and shape of the wave in its
final configuration;

e the waves probably form some retardation to flow of leachate on top of the GM, the
implications of which have not been evaluated; and

e possible long-term implications of trapped waves in HDPE (and other types) GMs
have not been evaluated and are beyond the scope of this project.

It is the authors' belief that the results of this task may have important ramifications for
the way in which GM liners are installed, see Eith and Koerner (1997). The complete
results of this study are given in Appendix A along with some of the possible
recommendations for minimizing GM waves during installation.

2.3 Plastic Pipe Behavior Under High Vertical Stresses

A network of perforated pipes is generally required for the transmission of leachate in
the leachate collection and removal system (LCRS) of waste containment facilities.
HDPE or PVC pipes are normally used. The performance of plastic pipes under the
stresses imposed by large heights of waste in landfills is relatively unknown due to the
fact that experience with plastic pipes under high overburden stresses is limited. The
problem is further complicated by the fact that the behavior of plastics is time dependent
and their adequate performance is required as long as there is a possibility of
generation of leachate within the landfill, which can be for a considerable number of
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years. This is in contrast to the use of plastic pipes in transportation or agriculture
applications where the design lifetime is relatively short, the live loads exerted on the
pipe are mainly of temporary nature, and the depth of burial is relatively small. For this
reason, the applicability of classical design methods for flexible pipes in landfill
applications can be questioned. One of the limitations in applying classical design
methods is that the effect of arching in alleviating the loads on pipes is probably
underestimated (or ignored completely). Hence design according to classical theories
may be overconservative. The response of plastic pipes under simulated conditions
was investigated as a task of this study using a finite element modeling approach.

Table 2-2. Residual Stresses (after 10,000 hours) in the HDPE GM Test
Specimens for the Various Experiments Performed in this Study.

Experimental Variables and Conditions Residual Stress  Residual Stress
(kPa) (% of yield)
180 kPa 1200 8.5
Normal Stress 360 kPa 1300 9.2
700 kPa 2000 13.7
1100 kPa 2100 14.4
14 mm 130 0.9
20 mm 740 5.1
Original Height of Wave 40 mm 1500 9.8
60 mm 2000 13.7
80 mm 2300 15.7
1.0 mm 1600 10.5
Thickness of GM 1.5 mm 2000 13.7
2.0 mm 1600 13.7
2.5mm 1800 11.8
23°C 130 0.8
14 mm - 42°C 250 21
55°C 440 4.5
23°C 740 4.9
Testing Temperature 20 mm - 42°C 850 7.3
55°C 750 8.0
23°C 1500 9.5
40 mm - 42°C 1600 13.7
55°C 690 7.4
23°C 2000 13.2
60 mm - 42°C 2600 22.0
55°C 1600 17.5

2.3.1 Leachate Removal Configurations
As shown in Figure 1-3, the leachate removal system at the bottom of a landfill usually
consists of a layer of sand or gravel (0.3 to 0.6 m thick) in which a perforated pipe
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removal system is embedded. There are a number of possible configurations for the
pipe and its embedment, three of which are illustrated in Figure 2-7. The pipes are
arranged in a variety of patterns, e.g., a header pipe in the center of the landfill with a
series of feeder pipes located at right angles or at acute angles in a herringbone
fashion. The spacing is such that the mounded head on the liner is no more than the
regulatory maximum, 0.3 m. Giroud and Houlihan (1997) describe the analytic behavior
of this leachate mound. Critical in this regard is the minimum slope of the base of the
landfill, which should be larger than 0.5% after settlement or consolidation, since the
entire system drains by gravity to the low point of the cell. At this location, a sump is
installed and the leachate is removed as required, recall Figure 1-5. The leachate
collection pipes are typically 150 to 200 mm in diameter.

2.3.2 Characteristics of Plastic Pipe

There are many candidate pipe materials for use in a leachate removal system beneath
a solid waste landfill. However, HDPE or PVC plastic pipe, also known as geopipe, has
emerged as the material of choice. There are a number of advantages to geopipe, but
also several disadvantages.

Advantages of Plastic Pipe

good flow characteristics;

no corrosion;

good resistance in chemically and biologically active environments;
light weight, which facilitates handling, storage, and installation;
pipe can bend along longitudinal axis; and

economical compared to other types of pipe.

Disadvantages of Plastic Pipe
e |ow resistance to circumferential distortion;
¢ due to their visco-elastic nature, creep and/or stress relaxation may constitute a
problem under long-term conditions;
e strength and stiffness are temperature dependent; and
e potentially susceptible to stress cracking if proper choice of resin and processing is
not carefully considered.

Pipes from all thermoplastic materials are manufactured to the standard outside
diameters of traditional pipe sizes. For waste containment applications, PVC pipe is
often specified to have a wall thickness corresponding to that of Schedule 80 pipe. The
dimensioning system often used with HDPE pipe is that in accordance with the standard
dimension ratio (SDR) which is equal to the ratio of the outside diameter to the minimum
wall thickness. An SDR of 11 is often specified for HDPE pipes in landfills. An SDR of
9 is the thickest wall section commonly used in the USA, however, some German
landfills use HDPE pipe with an SDR of 6.
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Figure 2-7. Various pipe removal schemes within leachate collection layers.
Figure 2-7. Various pipe removal schemes within leachate collection layers.

When perforated, the perforations are either in the form of slots or circular holes.
General practice is to use circular perforations for smooth walled pipes and slotted
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perforations for corrugated pipes. The pattern of perforations consists of two or more
rows of holes of diameters ranging between 10 to 15 mm and spaced at distances
between 100 and 300 mm. The rows of holes are located symmetrically though offset
from each other in the lower 180 degrees or less of the pipe circumference. With
perforated pipes, the slots are located at the valleys of the corrugations.

Various methods are used for joining of pipes. They can be grouped into three
categories: butt fusion or seaming, overlap connections, and special couplings.

In general, butt fusion or seaming is used for thick-walled HDPE pipe (either solid or
perforated). The ends of the pipe are brought together with a heated plate placed
between them. A small force brings the ends of each pipe against opposite sides of the
plate. When adequate thermal energy is realized and the pipe ends become viscous,
the heat plate is removed and the pipe ends are quickly brought together. Adequate
force is applied to the opposing pipes to extrude a slight amount of the molten material
out of the seam area. After cooling, the force is released and the seam is completed.
PVC pipe, on the other hand, is usually chemically seamed using a solvent on the pipe
ends before the pipe ends are drawn together.

The overlap type of connections can only be made if the pipe thickness is adequate to
machine the pipe ends so as to accept one another. To make a tight connection,
gaskets are sometimes used which reside in slotted seats of the thicker section of the
connection. Extrusion seaming can be used from the outside of small diameter pipes or
from the inside of large diameter pipes to make a leak-free connection.

Special couplings are used to connect the ends of profile-wall (i.e., corrugated) pipes.
Each of these couplings must be mated to the type of pipe for which they were
designed. It is not acceptable practice to use couplings made for one style of profiled
pipe on a different style. Electro-fusion couplings are also used with smooth HDPE

pipe.

It should be noted that the influence of holes (perforations or slots) and connections (of
all types) are not routinely accounted for as part of the design process. Design
engineers sometimes attempt to account for holes by assuming that the normal force on
the pipe is applied over an area reduced by the size of the holes (i.e., an increased
normal stress is considered). The design method to follow is based on the pipe itself,
not holes or connections, which represent an area of future research activity.

2.3.3 Design by the lowa State Formula

Design of plastic pipes (i.e., the calculation of pipe deflection) in most applications is
based on the modified lowa State formula, which was originally developed in 1941, see
Spangler (1971). It was later modified by Watkins and Spangler (1958). Variations to
the lowa State formula as well as other analytical approaches have been proposed for
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predicting pipe deflection. However, such methods have not been generally accepted in
practice and hence only the lowa State formula is presented herein. The formula takes
one of the following two forms:

D KW
A= El (Eq. 2-5)
— +0.061 E'
FQ3
or
A D KWy
~ = (Eq. 2-6)
D = 10.061F
FQ3
where:
A = change in pipe diameter, m (A is used interchangeably in design for the
horizontal and vertical deflections, Ax and Ay respectively as per ASTM
D2412; in the derivation of the formula, A is the horizontal deflection and the
deflected pipe is assumed to take an elliptic shape);
DL = deflection lag factor (dimensionless);
K = bedding constant (dimensionless);
W = load per unit length of pipe (kN/m);
Ws = load per unit area (kPa);
R = mean radius of pipe (m);
D = mean diameter of pipe (m);
A/D = deflection ratio (dimensionless);
E = modulus of elasticity of pipe material (kPa);
I = moment of inertia of pipe wall per unit length (m#4/m); and
E’ = modulus of soil reaction (kPa).

The deflection lag factor "D|" is a result of soil compression at the sides of the pipe
whereby additional load may be exerted on the pipe with time. A value of 1.5 for the
deflection lag factor was originally proposed. However, due to the inherent
conservatism in the formula, it has more recently been suggested that a value of 1.0 be
used (Moser, 1990). Note that in design, the load W is taken as the full prism load over
the pipe which, in the case of no variation of unit weight with height above the pipe, will
be equal to unit weight times the pipe diameter times the full height above pipe.
Accordingly, the load per unit area "Ws", will be equal to the overburden pressure above
the pipe. Thus, in using this approach, the effect of arching in relieving pipe stress is
not addressed, nor considered. It has been pointed out by Moser (1990) that the long
term load will never exceed the prism load.

The bedding constant "K" varies with the bedding angle. However, a value of 0.1 is
often assumed in calculations since other parameters are much more significant.
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Howard (1977) gives various values of E’ for different soil types under different
compaction efforts which range between 3500 kPa (for poor quality fine grained backfill
soils) to 20,000 kPa (for good quality granular backfill soils). These values are
commonly used in design and are often referred to as U.S. Bureau of Reclamation
(BuRec) values.

A maximum deflection, which is generally limited to 10%, is usually specified for flexible
pipes. Excessive deflection of pipes can lead to reversal of curvature of the pipe ring
and substantial loss in flow capacity. Once reversal of curvature occurs, fluctuations in
soil pressures can cause progressive ring deformation, which could lead to eventual
collapse (Watkins, 1987).

A parametric evaluation of the modified lowa State formula under an overburden
pressure of 1100 kPa is given in Figure 2-8 in which the deflection ratio Ay/D is plotted
against pipe stiffness for various values of the modulus of soil reaction. For a municipal
waste unit weight of 11.8 kN/m3, the chosen overburden pressure corresponds to a
waste height of about 90 m, and for a hazardous waste unit weight of 16.5 kN/m3 it
corresponds to a height of about 67 m. Figure 2-8 indicates that the deflection ratio is
more sensitive to pipe stiffness at low values of the modulus of soil reaction than at high
values. This emphasizes the importance of soil type and compaction effort in the zone
around the pipe. Note that the pipe stiffness for HDPE pipes of SDR 11, 9 and 6 are
approximately equal to 3400, 6600 and 26,400 kPa, respectively. As already
mentioned, pipe of SDR 11 is commonly used in the U.S. and pipe of SDR 6 has been
used in Germany.

2.3.4 Design by Finite Element Model

The finite element method has proven to be a versatile tool for many types of
geotechnical and structural analyses. The methods can be adapted to soil-pipe
interaction problems.

Figure 2-9 shows the discretization scheme used in this particular finite element
analysis. Because of symmetry, only half the geometry needs to be considered in the
analysis. In order to reduce the amount of input data, a mesh generation subroutine is
incorporated in the program. The user specifies the number and lengths of the vertical
and horizontal subdivisions around the pipe. The numbering and coordinates of the
nodal points and the numbering of the elements are then automatically determined.

The soil and waste are modeled using quadrilateral and triangular continuum elements.
The quadrilateral elements are four-node isoparametric elements, and the triangular
elements are constant strain elements. Both elements have two degrees of freedom
per node and are compatible with each other. The pipe section is represented by
twelve frame elements with three degrees of freedom per node. The derivation of the
stiffness matrices of the frame elements and the triangular and quadrilateral elements
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can be found in most finite element textbooks. The soil-pipe interface is represented by
twelve quadrilateral elements of zero thickness, which allow relative displacement only
in a direction parallel to the soil-pipe interface.
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Figure 2-8. Relationships between deflection ratio and pipe stiffness for various
moduli of soil reaction using the lowa State formula.

The boundary conditions are automatically set in order to minimize the size of the input
data. The nodes lying on the bottom horizontal boundary are restricted from movement
in both the horizontal and vertical directions. Symmetry is simulated by allowing only
vertical movement for the nodes lying on the pipe centerline with the exception of the
nodal point at the intersection with the bottom boundary, which is also restricted from
movement in the vertical direction. Also, no rotation is allowed at the two pipe nodes at
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the invert and crown. The nodes lying on the vertical boundary on the right hand side of
the mesh are restricted from movement in the horizontal direction.

The stress-strain properties of the pipe, soil, solid waste and soil-pipe interface are
idealized in the finite element program using various available models. A brief
description follows:

e The plastic pipe is modeled as in a linear elastic material. Thus, the modulus is
critical in assessing both short-term and long-term deflection behavior.

¢ The soil around the pipe is modeled using the hyperbolic model developed by
Duncan and Chang (1970).

e The solid waste is also reproduced with a hyperbolic model, but with different
modulus and strength parameters.

e The soil-pipe interface is represented using a shear stress versus relative
displacement relationship presented by Clough and Duncan (1971).

e The program sequence, along with the many details involved in the analysis, is
given in Wilson-Fahmy and Koerner (1994).

2.3.5 Comparison of Design Methods

In order to illustrate the difference in pipe deflection behavior as calculated by the lowa
State formula versus this particular version of a FEM approach, a numeric example is
presented.

This example simulates the trench type of installation of Figure 2-7 (a). Two different
HDPE pipes of 150 mm nominal diameter (external diameter = 168 mm) are considered
in the analysis. One has an SDR of 11 and the other has an SDR of 9. The pipe
modulus is taken equal to 750 MPa to represent short-term conditions and 150 MPa to
represent long-term conditions. The pipe stiffness under short-term conditions is equal
to 3400 kPa for the SDR 11 pipe and 6600 kPa for the SDR 9 pipe. Other details are
given in Wilson-Fahmy and Koerner (1994).

Figure 2-10 shows the relationship between overburden stress and the diameter
changes in the vertical and horizontal directions under short and long-term conditions
using the FEM approach. As expected, the SDR 9 pipe deflects less than the SDR 11
pipe, the difference being larger under short-term conditions.

For comparison with the modified lowa State formula, Table 2-3 gives the deflection
ratios predicted using both the FEM and the lowa State formula at 1100 kPa overburden
stress under both short-term and long-term conditions. In applying the lowa State
formula, the value of E’ was taken equal to 21,000 kPa as representative of a coarse
stone of the type often used around plastic pipe in landfills.
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Table 2-3. Deflection Ratios Predicted Using lowa State Formula and
Finite Element Analysis.

Method of SDR E’ Deflection Ratio (%)
Analysis (psi) Short-Term Long-Term
lowa State 11 21,000 kPa 6.3 8.1
Formula
Finite Element 11 N/A 4.9 9.7
lowa State 9 21,000 kPa 4.9 7.6
Formula
Finite Element 9 N/A 3.7 8.2

where N/A = not applicable

The values in Table 2-3 indicate that, in comparison to FEM predictions, the lowa State
formula overestimated the deflection ratio under short-term conditions (which is
conservative). Conversely, the formula slightly underestimated the vertical deflection
ratio under long-term conditions (which is slightly unconservative, but typically
accommodated in design by the incorporation of a factor of safety). In all cases, the
deflection ratio does not exceed 10% with the short-term deflection being less than
7.5%. Note that the short-term deflection predicted using the FEM is less than 5%.

The effect of arching of the soil above the pipe is clearly shown in Figure 2-11 where it
can be seen that under short term conditions (Es = 750,000 kPa) the effect is quite
small, i.e., the overburden stress on the pipe is approximately 80 to 90% of that
predicted using the lowa State formula. However, under long-term conditions (Es =
150,000 kPa), it is significant amounting to a decrease in overburden stress of the order
of 50%. Furthermore, Figure 2-11 suggests that increasing the pipe stiffness by
increasing the modulus and/or increasing thickness (using low SDR) results in less
potential effects of arching.

2.4 Prediction of GT Service Lifetime

A frequently asked question involving GTs is "how long will they last"? A study task was
developed to provide insight into this question. The task was subdivided into three
subtasks:

e behavior of partially ultraviolet-degraded GTs;
e oxidative degradation of PP and PE GT yarns and PE geogrid ribs; and
¢ hydrolytic degradation of PET GT yarns.

Each subtask is briefly described in this report. At the time of report preparation,
however, only the first subtask has been completed.
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Figure 2-11. Reduction in overburden stress using FEM as compared to lowa
State formula, i.e., the effect of arching.

2.4.1 Behavior of Partially Ultraviolet Degraded GTs (PP and PET)

During any type of construction that involves the use of GTs, there will generally be the
potential for exposure to sunlight. Within the sunlight spectrum, the ultraviolet (UV)
portion is most harmful to polymers used in the manufacture of GTs, causing a photo-
oxidative reaction to occur. Thus it is necessary to cover or backfill GTs intended for
long-term service in a landfill in a timely manner. If not covered promptly, UV-
degradation will begin to occur. A concern has been expressed that if such degradation
is initiated, the reaction may continue to propagate within the GT even after covering or
backfilling. This subtask was directed at addressing this issue, i.e., whether or not UV-
initiated degradation is auto-catalytic. The subtask involved incubation of GT
specimens in a laboratory UV fluorescent acceleration device per ASTM D 5208. This
method was selected since the laboratory device provides for an economical approach
for providing UV exposures. It also can be correlated to field exposure in the usual
manner, see Hsuan and Koerner (1993).
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Twelve different types of GTs were included in the experimental program. Nine were
PP and three were PET. Figure 2-12 illustrates the overall experimental procedure, with
incubation, removal, and testing of the various samples. Details of the experimental
program are available in Hsuan et al. (1994). Results for one of the PP GTs is given in
Figure 2-13(a) and for one of the PET GTs in Figure 2-13(b).

#1 - Light PP Needled #4 - Black PP Needled
#2 - Light PP Heatbonded | | #5 - Black PP Woven
#3 - Light PET Needled #6 - Black PP Slit Film

/
UV (on/off) UV (on/off)
(60°C/50°C) (70°C/50°C)

Samples at 70%
Strength Retained

PP Samples
(#1, #2, #4, #5, #6)
&
Unexposed Samples

Forced Air Oven Water Immersion
(60°C for 70°C) (60°C)
for for
3000 hours 3000 hours

Figure 2.12. Design flow chart of the complete study (after Hsuan et al., 1994).

The results of the UV exposure tests can be summarized as follows:

e UV exposure is the major contributor to the degradation of exposed GTs as
opposed to thermal-oxidative or hydrolytic degradation. PP GTs were found to be
slightly more susceptible to UV degradation than PET GTs.

e The rate of tensile strength reduction due to UV exposure (as a fraction of the
original strength) is inversely proportional to the mass per unit area of the GT. This
is due to the degradation mechanism, which involves the initiation of photo-
oxidation on the exposed surface of the GT, which moves progressively inwards as
the duration of the exposure increases.

e The 70% UV-degraded GTs show similar trends as those unexposed GTs
regarding the strength retained property within 3000 hours at 60°C.
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Figure 2-13. Strength retained graphs from geotextile incubated under
three different test conditions.
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e Photo-oxidative degradation ceased in all of the tested GTs (PP and PET) once
the UV source was removed.

While the above findings are of technical interest, it is well known that "timely cover" is
necessary. Even a thin, 150-mm thick layer of soil is adequate to eliminate the potential
for UV degradation. In this regard, specifications may require that the GT to be covered
within two to four weeks after placement unless the GT has been shown to resist
degradation for a longer time period. Pending further research, the results of the testing
presented herein indicate that this maximum time frame is reasonable.

2.4.2 Oxidative Degradation of PP GT Yarns and PE Geogrid Ribs

This subtask is being used to evaluate the oxidative degradation of two types of PP GT
yarns and two types of HDPE geogrid ribs. The incubation uses forced air ovens at
elevated temperatures for varying times. Samples are periodically removed and tested
for their retained strength and elongation. These values are then compared to the
unaged strength and elongation for a percent retained value, thereby indicating the
degree of degradation.

Furthermore, by incubating at several elevated temperatures (75, 65 and 55°C are used
in this study), an Arrhenius plot can be developed. Using the slope of the resulting
curve, extrapolation down to site-specific temperature can be made, resulting in an
estimate of the service lifetime for these materials based on a thermal oxidation failure
criterion.

A separate oven is required for each incubation temperature. Samples are periodically
removed and tested in tension. Several of the resulting data available at the time of the
preparation of this report are presented in Figure 2-14 for PP GT yarns and Figure 2-15
for PE geogrid ribs, respectively. Each point is the average of five replicate tests.

This project is projected to continue for an additional three-year period, thereby
achieving an estimated five-year maximum incubation time. The reason for this lengthy
duration of incubation is that shorter tests would require excessively high incubation
temperatures that would unrealistically bias the predicted service lifetime, i.e.,
temperatures that are too high may significantly underpredict the service lifetime.

2.4.3 Hydrolytic Degradation of PET GT Yarns

This subtask is being used to evaluate the hydrolytic degradation of eight types of PET
GT yarns in water baths at elevated temperatures for varying times. Immersed samples
are periodically removed and tested for their retained strengths and elongation. These
values are then compared to the unaged strength and elongation for a percent retained
value, thereby indicating the degree of degradation.
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Furthermore, by incubation at several elevated temperatures (65, 55 and 45°C are used
in this study), an Arrhenius plot can be developed. Using the slope of the resulting
curve, extrapolation down to site-specific temperature can be made resulting in an
estimate of the service lifetime of these materials based upon a hydrolytic degradation
criterion.

A separate bath is required for each temperature incubation. Samples are periodically
removed and tested in tension. Some of the resulting data are presented in Figure
2-16. Each point is the average of five replicate tests.

This project is projected to continue for an additional three-year period, thereby
achieving an estimated five-year maximum incubation time. As with the oxidation study
previously described, the reason for the lengthy duration is that excessively high
incubation temperatures may unrealistically bias the predicted service lifetime.

2.5 Prediction of GM Service Lifetime

One of the most frequently asked question involving any type of GM is, “how long will it
last”? Since HDPE is the type of GM most commonly used in waste containment
systems, it is the focus of this task. The steps involved in the task are as follows:

e understand the mechanisms that are involved in the degradation process;

» simulate the application(s) in the laboratory as closely as possible;

e perform the incubations under the simulated conditions at elevated temperatures
(at least three and preferably four temperatures);

« remove the samples periodically and test them for changes from their as-received
properties; and

e perform Arrhenius modeling to arrive at an estimated lifetime for the site specific
temperature.

A detailed discussion of this task is presented in Appendix B of the report. A brief
summary is given below.

2.5.1 Degradation of HDPE GMs

HDPE GMs are formulations consisting of PE resin (= 97%), carbon black (= 2%), and
antioxidants (= 1%). The long-term aging process involves three discrete stages, see
Figure 2-17(a):

e depletion time of antioxidants;

¢ induction time; and

» time to reach a specified reduction in the value of a significant engineering
property, e.g., elongation, modulus, strength, etc.; for the purposes of this task, the
numeric value of the specified property reduction is taken as 50%.
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These three stages of degradation are shown conceptually on Figure 2-17(a). Although
not evaluated herein, this type of generalized behavior is also characteristic of low
density PE and flexible PP GMs.

The antioxidants are extremely important to the aging process, since they react with
oxygen diffusing into the polymer structure and thereby inhibit oxidation from occurring.
When depleted at the end of Stage A (as indicated by zero oxidative induction time
(OIT) using a differential scanning calorimetry test), the induction time stage begins.

The induction time represents a time period required to initiate a measurable amount of
oxidation-induced chain scission of the polymer structure, i.e., Stage B. Itis the least
understood of the three degradation mechanisms but it is clearly present. For example,
polymers (like milk jugs) with no long-term antioxidants will not begin to degrade
immediately. While the relative induction time may be short, its quantification should be
included in a lifetime assessment.

The oxidation process continues into Stage C such that engineering properties begin to
change. Typically, the break elongation will decrease, the modulus will increase, and
the break strength will slightly increase, then decrease. In general, the yield elongation
and strength of HDPE will not show signs of change since these values are small in
comparison to the break properties. The above events, of course, signify that the
polymer is transitioning from a ductile to a brittle material. Embrittlement represents a
physical manifestation of the degradation process. As shown in Figure 2-17(b), the
response is strongly temperature dependent. A 50% change in properties is usually
taken by polymer engineers as being a significant change and is called the “halflife”. It
is arbitrarily assumed in this report to signify the end of the service life of the material.

2.5.2 Simulated Applications
There are a large number of GM applications that could be simulated in the incubation
process. The applications targeted in this study are:

 landfill liners;
» surface impoundment liners; and
* landfill covers.

Each application is modeled in the simulation through selection of an incubation
medium, an applied stress (if any), and specific values of elevated temperatures for the
exposures. Table 2-4 provides the various simulation series that are ongoing in this
particular task. This report will focus only on Series No. Ill, which is the most important
series for the purposes of this project since it simulates the base liner of a landfill. A
series using leachate as the incubation medium was started, but was subsequently
terminated due to leachate variation.
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Table 2-4. HDPE GM Simulation Series.

Incubation Incubation Applied Simulated GM Application

Series Method Stress

I water none surface impoundments below
(both sides) liquid level

| air none landfill covers and waste pile
(both sides) covers

I water above/air 260 kPa landfills liners beneath waste
beneath (compression)

\Y, water 30% yield stress  surface impoundments along
(both sides) (tension) side slopes below liquid level

The incubations for Series No. Il are performed in 20 identical chambers as shown in
Figure 2-18. Five chambers are maintained at each of four temperatures, i.e., 85, 75,
65 and 55°C. Samples are periodically removed and tested.

2.5.3 Antioxidant Depletion Time

Upon removal of the incubated samples from the chambers shown in Figure

2-18, the samples are tested for their OIT. Two options are available: (i) standard OIT
per ASTM D3895; and (ii) high pressure OIT per ASTM D5885. Both of these OIT
methods utilize a calorimeter to evaluate the length of time the polymer melt can sustain
an oxygen environment. The OIT (time in minutes) is related to the amount and type of
antioxidants that are used in the formulation to protect the resin from degradation. The
curves of Figure 2-19(a) were generated using data obtained over a period of 24-
months. Note the strong influence of elevated temperature on the OIT depletion times.
As shown in Figure 2-19(b), semi-logarithmic plots of the data result in straight line
relationships between OIT and incubation period. The slopes of these straight lines (for
extrapolation to site-specific temperature) for both OIT-tests are shown in Figure 2-20.

Using these slopes and extrapolating down to site-specific temperature results in Table
2-5. The selection of the actual value is obviously site-specific. However, data from
MSW landfill monitoring in Pennsylvania, California, and Florida are now becoming
available. These data indicate that 20°C is a typical value for the in-situ temperature of
HDPE GMs in liner systems for MSW landfills. As seen in Table 2-5, a value of 20°C
results in antioxidant depletion times for the type of GM evaluated herein of 192 years
based on standard OIT (Std OIT) tests and 196 years based on HP-OIT tests.
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Figure 2-20. Arrhenius plot for incubation Series No. lll (water above/air beneath-
compression stress).

Table 2-5. Extrapolation of Depletion of Antioxidants Trends to Various In-Situ

Temperatures.
In-Situ Temp. Std OIT HP OIT
30°C 90 yrs. 89 yrs.
25 130 131
20 192 196
15 286 296
10 432 455
5 663 709

2.5.4 Induction Time

Stage B in Figure 2-17(a) represents the time that it takes an unstabilized polymer (i.e.,
one with no antioxidants) to manifest a measurable amount of chain scisson. Hence, to
evaluate this stage it would be appropriate to select a PE material with a minimum
antioxidant content and monitor its engineering properties over time to determine the
induction time.

Milk and water containers represent commercial HDPE products that do not contain
antioxidants because of their limited shelf life. Some aged milk and water containers
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were retrieved from the waste mass of a MSW landfill. The age of these retrieved
containers was approximately 25 years based on the dates shown on newspaper and
canceled checks that were retrieved at the same location of the landfill. The oxidative
induction time and tensile properties of the aged samples were evaluated. The results
were compared to those obtained from unaged containers, i.e., purchased at a grocery
store prior to the test. The data are shown in Table 2-6(a) and (b) for water and milk
containers, respectively. For this comparison, it was assumed that the aged and
unaged containers were made using the same polymer resins and manufacturing
processes. This may or may not be the case.

Table 2-6(a). Properties of Aged and Unaged Water Containers.

Property Unaged Aged % Change
Container Container
Modulus (MPa) 650 580 nil
Yield Stress (MPa) 25 24 nil
Yield Elongation (%) 11 11 nil
Break Strength (MPa) 35 22 -37%
Break Elongation (%) 1700 879 -43%

Table 2-6(b). Properties of Aged and Unaged Milk Containers.

Property Unaged Aged % Change
Container Container
Modulus (MPa) 550 507 nil
Yield Elongation (MPa) 24 22 nil
Yield Strain (%) 11 11 nil
Break Strength (MPa) 22 14 -36%
Break Elongation (%) 990 730 -26%

Based on this limited data for 25-year old HDPE containers, and assuming the aged
and unaged containers had the same initial properties, it is seen that yield stress, yield
elongation, and modulus have essentially remained unchanged in a landfill atmosphere.
Only the break properties (strength and elongation) have begun to decrease. Thus, it is
estimated that the induction time for HDPE is on the order of 20-years.

2.5.5 Halflife of Engineering Properties

Stage C in Figure 2-17(a) represents the time for a HDPE GM to reach 50% change in
its engineering properties after depletion of antioxidants and induction time occurs. The
material properties that are being monitored in this part of the study are listed in Table
2-7.
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Table 2-7. Engineering Properties Being Evaluated.

Test ASTM Method Property
Density D 1505 Crystallinity
Melt Index D 1238 Molecular Weight
Tensile D 638 Yield, Modulus, Break

The methodology used to estimate the halflife of properties is similar to that used to
predict the lifetime of antioxidants in the HDPE GMs, i.e., the Arrhenius model. The
properties listed in Table 2-7 were monitored over increasing incubation times at
incubation temperatures of 85, 75, 65, and 55°C. The monitoring results are evaluated
by plotting percentage of the original engineering property remaining at a given
incubation time against that time, as shown in Figure 2-17(b). The incubation time
corresponding to a percent retained of 50% is the halflife of the material at that
particular incubation temperature. The inverse of the lifetime is the reaction rate. Once
the reaction rates at the four elevated temperatures are obtained, the data is
extrapolated by utilizing an Arrhenius plot, as shown in Figure 2-21. Subsequently, the
reaction rate at a lower site-specific temperature, such as 20°C, can be predicted. The
estimated time to reach halflife of the property can be calculated as the inverse of the
reaction rate at this temperature.

Since the current test results of the incubations in Table 2-4 have not shown reduction
in material properties in the majority of the incubated samples, the halflife of the GMs
cannot be evaluated based on actual test data generated in the course of this study.
Thus, Figure 2-21 presents no actual data. In order to estimate the potential halflife,
data from published literature are utilized. Viebke et al. (1994) found that the activation
energy of the degradation mechanism of a unstabilized PE pipe is 80 kdJ/mol. (This
represents the slope of the Arrhenius plot shown in Figure 2-21). During the incubation
process, the pipe was exposed to water inside and circulating air outside at constant
temperatures ranging from 70 to 105°C.

Using the Viebke et al. (1994) data, halflife can be estimated using Equation 2-7. (Note
that the gas constant R = 8.314 J/mol and R, represents the reaction rate from Figure
2-21 at the temperature indicated).
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Since halflife at 115°C is 90 days which is 3027 times faster than the incubation
temperature at 20°C, the halflife at 20°C will be:

R.@z = (90)(3027) (Eq. 2-8)
= 272,000 days
=746 years

This value represents the halflife of the engineering property monitored within Stage C
of the overall lifetime as illustrated in Figure 2-17.

2.5.6 Summary of Lifetime Prediction

Using the conceptual behavior model shown in Figure 2-17(a), the lifetime of a GM
consists of three-stages; antioxidant depletion, induction time, and halflife of
engineering properties. For the 1.5-mm thick HDPE GM being evaluated in this study
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under simulated landfill conditions, Table 2-8 represents the current best-estimate of the
lifetime prediction value.

Table 2-8. Estimated Lifetime of HDPE GM Being Evaluated in this Study.

Stage Description Duration (years)

A Antioxidant Depletion 200

B Induction Time 20

C Halflife of Engineering Property 7%
Total Lifetime Estimate 970

Based on the methodology presented herein, the estimated service lifetime of a 1.5-mm
thick HDPE GM under the simulated test conditions is on the order of 1,000 years. Note
that the existence of wrinkles will reduce this estimated service lifetime. No attempt has
been made for this report to estimate the degree to which wrinkles will reduce the
service lifetime. The amount remains for further research. Also remaining for further
research is an investigation as to the lifetime of GMs other than HDPE.
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Chapter 3
Slope Stability of Full-Scale Field Test Plots Containing GCLs
to Simulate Final Cover Systems

3.1 Introduction

GCLs consist of a thin layer of bentonite encased between two GTs or mixed with an
adhesive and attached to a GM. GCLs are a relatively new type of liner material, having
first been used in a landfill in 1986 (Schubert, 1987). Although GCLs are relatively new,
their use in waste containment facilities has increased steadily because of the extremely
low hydraulic conductivity of bentonite, the low cost of GCLs, the ease and speed of
installation compared to CCLs, and the low volume occupied by GCLs compared to
much thicker CCLs.

GCLs enjoy several favorable hydraulic characteristics, including self-healing properties
(Shan and Daniel, 1991; Estornell and Daniel, 1992), ability to withstand differential
settlement (Koerner et al., 1996; Lagatta et al., 1997), ability to self-heal after
desiccation (Boardman and Daniel, 1996), and resistance to the potentially damaging
effects of freezing temperatures (Hewitt and Daniel, 1997; Kraus et al., 1997).
Bentonite is subject to increases in hydraulic conductivity caused by chemical
alterations, particularly when calcium is leached from cover soils under conditions of low
overburden stress, such as in secondary containment linings (Dobras and Elzea, 1993)
or final cover systems (James et al., 1997). In liner systems, where the overburden
stress on the GCL is much greater, alterations in hydraulic conductivity, if any, tend to
be small for GCLs permeated with actual landfill leachate (Ruhl and Daniel, 1997).

The favorable hydraulic properties of GCLs are tempered by the low shear strength of
hydrated bentonite (Mesri and Olson, 1970; Olson, 1974; Gilbert et al., 1996; Stark and
Eid, 1997; Stark et al., 1998; Fox et al., 1998) and low bearing capacity of hydrated
GCLs (Koerner and Narejo, 1995; Fox et al., 1996). When bentonite is hydrated and
sheared, angles of internal friction as low as 5 to 10° may result. Because bentonite is
so well known for its low shear strength, caution is appropriate when employing
materials such as GCLs that contain bentonite on slopes.

A shearing failure involving a GCL can occur at three possible locations (Figure 3-1): (1)
the external interface between the top of the GCL and the overlying material (soil or
geosynthetic); (2) internally within the GCL; and (3) the external interface between the
bottom of the GCL and the underlying material (soil or geosynthetic). If failure is
internal, the failure may be bentonite-to-bentonite (e.g., at the mid-plane of the GCL), or
it may be at the internal interface between the bentonite and either the upper or lower
geosynthetic component (if present).
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Potential Failure Surfaces:

1. Interface between upper surface
of GCL and overlying material

2. Internal failure within GCL (can
be within bentonite or at the
internal interface between
bentonite and a geosynthetic)

3. Interface between lower surface
of GCL and overlying material

Material Overlying GCL C‘b
— D — GGG — D — DG — GG — DD — D — G0 — G0 — G DD — D — G0 G0 — GG — D GGG -

- —0®
Material Underlying GCL

Figure 3-1. Potential failure surfaces for a GCL.

Current engineering design practice is to establish appropriate internal and interface
shear strength parameters for design of GCLs on slopes using direct shear tests on
300-mm square test specimens, and to employ traditional limit equilibrium techniques
for analyzing slope stability. However, the low shear strength of bentonite, the limited
number of laboratory test results available, the inherent limitations of laboratory direct
shear tests, the uncertainty over use of peak versus residual shear strength, the relative
newness of GCLs, and the lack of field experience with GCLs all lead to questions
about the long-term stability of GCLs on relatively steep slopes.

To provide field-scale data on the stability of GCLs on slopes, field test plots were
constructed. It was recognized that it would not be possible to construct and instrument
a full-scale landfill lined with GCLs, but it was possible to construct and instrument
prototype landfill covers. Therefore, test plots were constructed to evaluate the stability
of field test plots containing GCLs.

This chapter summarizes the test plots, data collected from the test plots, and
conclusions from the test plots. Appendix D provides additional details.
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3.2 Background on GCLs

3.2.1 Introduction

A GCL consists of approximately 5 kg/m? of sodium bentonite sandwiched between two
GTs or attached to a GM with an adhesive. Figure 3-2 shows two general types of
GCLs. Both types were used for this research.

(A) Geotextile-Encased GCL
(Bentonite Sandwiched between Two Geotextiles)

] Geotextile

Geotextile

(B) Geomembrane Supported GCL
(Bentonite Glued to Geomembrane)

L. |Geomembrane [ |

Figure 3-2. Two general types of GCLs.

The specific types of GCLs that were available when this project was initiated in 1994
are shown in Figure 3-3. Only the unreinforced, GT-encased, GCL was not included in
the field test plots (all the others were included). The unreinforced, GT-encased GCL
was omitted because this type of GCL is not intended for relatively steep slopes -- a
reinforced, GT-encased GCL would be recommended instead.
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Reinforced, Geotextile-Encased, Needlepunched GCL

Woven or Nonwoven Needlepunched
Geotextile Fibers

Nonwoven Geotextile

Unreinforced, Geotextile-Encased GCL

Woven Geotextile

Sodium Bentonite Mixed
with an Adhesive

Woven Geotextile

Reinforced, Geotextile-Encased, Stitch-Bonded GCL

Woven Geotextile

Sodium Bgntonite Mixed
with an[ Adhesive

Woven Geotextile

Sewn Stitches

Unreinforced, Geomembrane-Supported GCL

Sodium Bentonite Mixed
with an Adhesive

Geomembrane

Figure 3-3. Cross sections of GCLs available at the time of this study.



The specific product types included in this testing program were as follows. Bentomat”

and Bentofix® are reinforced, GT-encased, needlepunched GCLs that consist of dry
sodium bentonite sandwiched between two GTs. One GT is nonwoven while the other
GT can be either woven or nonwoven. The entire assembly is needle punched
together. Bentomat ST, which contains nonwoven and woven GTs on the two surfaces
of the GCL, was used in the research program. Bentofix NS (also with nonwoven and
woven GT components on the two surfaces of the GCL) and Bentofix NW (nonwoven
GTs on both surfaces) were also used in the research program. CIaymax® 5000SP

was the GT-encased, stitch-bonded GCL used in the test plots. Gundseal® was the
GM-supported GCL employed in the testing program.

3.2.2 Advantages and Disadvantages of GCLs

GCLs enjoy numerous advantages and disadvantages (Daniel and Boardman, 1993),
which are summarized here. The principal advantages of GCLs (as compared with
CCLs) are favorable cost, convenience of installation, and outstanding hydraulic
properties.

The installed cost of GCLs is typically equal to or less than that of CCLs, particularly if
clay must be shipped from off site or if bentonite must be blended with soil to form the
clay liner material. In addition, a GCL occupies less volume than a CCL, which can
result in more landfill volume becoming available for waste disposal when a GCL is
used. Because GCLs can be installed far more rapidly than CCLs, construction time is
less with GCLs, which can significantly reduce overall construction costs.

GCLs are convenient for owners of waste containment facilities because they can be
bid with the other geosynthetic components and installed by the same organization that
installs the other geosynthetics. The cost of a GCL is more predictable than that of
CCLs, and the much more rapid installation time of GCLs is usually attractive to the
project owner.

The other major advantage of GCLs is their favorable hydraulic characteristics. The
hydraulic conductivity of GCLs is typically in the range of 1 to 5 x 10 cm/s, which is one
to two orders of magnitude lower than the typical hydraulic conductivities assumed for
CCLs. This makes the hydraulic performance of GCLs potentially superior to CCLs. In
addition, GCLs have excellent self-healing properties (Shan and Daniel, 1991; Estornell
and Daniel, 1992), excellent ability to withstand differential settlement (Koerner et al.,
1996; Lagatta et al., 1997), ability to self-heal after desiccation (Boardman and Daniel,
1996), and resistance to the potentially damaging effects of freezing temperatures
(Hewitt and Daniel, 1997; Kraus et al., 1997).
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GCLs also suffer from several disadvantages. Perhaps the three most significant
disadvantages of GCLs are the low shear strength of hydrated bentonite, vulnerability to
chemical alterations, and the thinness of GCLs.

Bentonite is famous among geotechnical engineers and geologists for its very low
strength when hydrated. Potential problems arise when GCLs are placed on slopes.
Also, bentonite may be for locally squeezed (thus thinning the GCL) by sharp stones or
an uneven subgrade. It is generally accepted that GCLs can be safely placed on landfill
cover slopes inclined at 10H:1V (5.7°) or flatter without any need for internal
reinforcement or slope stability analysis. Steeper slopes may or may not be stable,
depending on the type of GCL and specific conditions relevant to the slope.

The second disadvantage of GCLs relates to potential chemical alterations that could
increase hydraulic conductivity (Ruhl and Daniel, 1997). Particular concern exists for
landfill covers containing calcium-rich soils (James et al., 1997).

A third concern about GCLs is related to the thinness of GCLs. GCLs are nominally
about 10 mm thick. Like any thin liner, GCLs are vulnerable to puncture, e.g., as
described for a case involving accidental puncture of a GM/GCL composite liner by a
piece of maintenance equipment (Daniel and Gilbert, 1996). The thinness of GCLs also
makes them less able to adsorb and attenuate chemicals than much thicker CCLs, and
less resistant to chemical diffusion than much thicker CCLs (Foose et al., 1996; 1999).

3.2.3 Shear Strength of GCLs

One disadvantage of GCLs is the low shear strength of hydrated bentonite. Shear test
data on unreinforced, hydrated GCLs result in friction angles of about 10° at
intermediate normal stress. In EPA workshops on GCLs, the shear strength of the
bentonite in GCLs, which controls the internal shear strength of unreinforced GCLs, was
cited as a primary technical concern in the use of GCLs in waste containment systems
(Daniel and Boardman, 1993). The main factors affecting the internal shear strength of
GCLs include the magnitude of normal stress, water content of the bentonite, type of
hydrating liquid, rate of shearing, reinforcement, amount of deformation, and effects of
seismic loading. These factors are reviewed below.

3.2.3.1 Magnitude of Normal Stress
The classical Mohr-Coulomb failure criterion for the shear strength of soil is:

T =c+octan¢ (Eq. 3-1)

where: 1 is the shear stress (Pa), c is the cohesion (Pa), ¢ is the normal stress (Pa), and
¢ is the angle of internal friction (degrees). The concept is illustrated in Figure 3-4. The
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ideal Mohr-Coulomb failure envelope is linear. However, the relationship between
shear stress and normal stress for bentonite is not always linear (Figure 3-5).

A

T = c+otand

¢ = friction angle

Shear Stress (1)

¢ = cohesion
|
Normal Stress (o)
Figure 3-4. Mohr-Coulomb failure envelope.
Assumed Linear Failure Envelope
Tangent to Actual Failure Envelope
= A -
a2 Linear Failure Envelope - 7
o Gives Correct Strength for PR
N the Normal Stress of Interest P
— -
© \
Q
<
(,) —

Actual, Curved
Failure Envelope

Assumed Secant Failure Envelope
that Gives Correct Shear Strength
for the Normal Stress of Interest by
Assuming thatc =0

>
T Normal Stress (o)

Normal Stress
of Interest

Figure 3-5. Curved Mohr-Coulomb failure envelope.
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The cohesion of the GCL can be very important, particularly for internally reinforced
GCLs (i.e., needlepunched or stitch-bonded GCLs) employed in situations with low
normal stress, such as landfill covers. Work is underway to correlate peel strength with
cohesion in the hope of identifying a relatively simple index test that will correlate with
cohesion.

3.2.3.2 Water Content

The shear strength of bentonite is sensitive to water content. The angle of internal
friction decreases with increasing water content. For example, shear tests that were
performed on an unreinforced GCL at The University of Texas showed that at a water
content of 20%, the angle of internal friction was 22°, but when the water content was
increased to 50%, the friction angle of the unreinforced GCL decreased to 7° (Daniel et
al., 1993). Hydrated bentonite is significantly weaker than dry bentonite.

When hydrated GCLs are tested in direct shear boxes, the GCL may either be hydrated
at low normal stress and then consolidated in the shear box to the desired normal stress
for shear testing, or the GCL may be immediately subjected to the final normal stress
and hydrated under that stress. The recommended procedure is normally to apply
stresses and hydration water in a manner that will simulate the conditions in the field.
However, the procedure is also impacted by the practicality of testing. Because 300
mm by 300 mm shear boxes are very expensive, it is customary practice to minimize
the amount of time that the boxes are committed to any one test. To accomplish this,
the GCL is often hydrated in a separate apparatus at a comparatively low normal stress
of about 12 kPa, and then transferred to the shear box for consolidation and shearing.

3.2.3.3 Type of Hydrating Liquid

The type of hydrating liquid relates to the bentonite particle’s adsorption capability. This
is evidenced by both hydraulic conductivity and shear strength, the latter being the
focus of this study. The greater the adsorptive capability of the hydrating liquid, the
lower the shear strength of the bentonite. The GCL'’s shear strength should be
evaluated with the site-specific liquid that will hydrate the bentonite.

3.2.3.4 Rate of Loading

The rate of loading of GCLs affects the shear strength of the GCL. The general
experience with bentonite is the slower the loading, the lower the internal shear strength
of the GCL (Daniel et al., 1993). Thus, care should be taken in testing GCLs so as not
to shear the GCL too quickly.

3.2.3.5 Reinforcement

Many commercial GCLs are reinforced to enhance the internal shear strength of the
GCL. The reinforced GCLs used in the field test plots included Bentomat, Claymax
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500SP, and Bentofix. When a reinforced GCL is sheared internally, the needlepunched
fibers or sewn stitches are put into tension as shearing occurs, which enhances internal
shear strength. However, there are limitations on the benefits of this reinforcing, as
discussed below in the next subsection.

3.2.3.6 Amount of Deformation

The peak shear strength is the maximum shear strength measured during shear.
Typically, however, many materials "strain soften" after the peak strength is reached.
The residual shear strength is the minimum post-peak shear stress, which typically
occurs at a very large displacement compared to the displacement at which the peak
strength is generated. Figure 3-6 illustrates the difference between peak and residual

shear strength.

@ Stress-Strain Curve

)

Ug)v A (Peak)

7 B (Residual)
Deformation

Mohr-Coulomb
Failure Envelopes

¢Peak

Shearing Stress, t

¢

Residual

y

Normal Stress, o

Figure 3-6. Peak and residual shear strength.
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If a reinforced GCL is loaded to very large shearing displacements, reinforcing fibers
may pullout from one or both of the GTs, break, or creep. If the reinforcing fibers fail,
the strength of the reinforced GCL may 