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DISCLAIMER

The information in this document has been funded wholly or in part
by the United States Environmental Protection Agency under Contract No.
68-03-3265 to Matrecon, Inc. It has been subjected to the Agency's peer
and administrative review, and it has been approved for publication as an
EPA document. Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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FOREWORD

Today's rapidly developing and changing technologies and industrial
products and practices frequently carry with them the increased generation of
solid and hazardous wastes. These materials, if improperly dealt with, can
threaten both public health and the environment. Abandoned waste sites and
accidental releases of toxic and hazardous substances to the environment also
have important environmental and public health implications. The Risk
Reduction Engineering Laboratory assists in providing an authoritative
and defensible engineering basis for assessing and solving these problems.
Its products support the policies, programs and regulations of the Environ-
mental Protection Agency, the permitting and other responsibilities of State
and local governments and the needs of both large and small businesses in
handling their wastes responsibly and economically.

This report describes and details the major aspects of flexible mem-
brane liners and other materials used in the construction of containment
units for the storage or disposal of hazardous and/or nonhazardous wastes
or substances. Various procedures are presented as to the selection,
manufacture, construction, and use of the major types of flexible membrane
liners and ancillary materials to minimize the possibility of adverse
environmental impact.

E. Timothy Oppelt, Acting Director
Risk Reduction Engineering Laboratory



ABSTRACT

This technical resource document provides current technological infor-
mation on liner and cover systems for waste storage and disposal units.
Liner systems serve to control the release of liquid and gaseous waste
components into the environment whereas cover systems, which are constructed
during the closure of a landfill, serve to prevent liquids from entering the
landfill, thereby reducing the potential for leachate generation. The
various materials used in the construction of these systems are discussed,
with particular emphasis on polymeric flexible membrane liners (FMLs). The
types and properties of wastes that may be impounded ,in land storage and
disposal units and the constituents of these wastes that can affect lining
materials are discussed. The conditions inside a containment unit are de-
scribed, including the mechanisms of constituent transport within and out of
a unit and the service conditions for a lining system in different types of
containment units. The properties of FMLs and other materials of construc-
tion for waste containment units are discussed, and the effects of exposing
these materials to simulated and actual service conditions are presented.
Elements of the design, specifications, construction, quality assurance, and
maintenance of a lined waste containment unit are discussed. Costs for the
components of a lining system, including their installation and construction,
are presented. Several test methods that were useful in determining waste/
FML compatibility are included. A representative list of organizations in
the liner industry is presented as an appendix.
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PREFACE

Subtitle C of the Resource Conservation and Recovery Act (RCRA) requires
the U. S. Environmental Protection Agency (EPA) to establish a Federal
hazardous waste management program. This program must ensure that hazardous
wastes are handled safely from generation until final disposition. EPA
issued a series of hazardous waste regulations under Subtitle C of RCRA that
are published in Title 40 Code of Federal Regulations (CFR) Parts 260 through
265 and Parts 122 through 124,

Parts 264 and 265 of 40 CFR contain standards applicable to owners/
operators of all facilities that treat, store, or dispose of hazardous
wastes. MWastes are identified or listed as hazardous under 40 CFR Part 261.
Part 264 standards are implemented through permits issued by authorized
States or EPA according to 40 CFR Part 122 and Part 124 regulations. Land
treatment, storage, and disposal (LTSD) regulations in 40 CFR Part 264 issued
on July 26, 1982, and July 15, 1985, establish performance standards for
hazardous waste landfills, surface impoundments, land treatment units, and
wastepiles. Part 265 standards impose minimum technology requirements on the
owners/operators of certain landfills and surface impoundments.

EPA is developing three types of documents to assist preparers and
reviewers of permit applications for hazardous waste land disposal facili-
ties. These are RCRA Technical Guidance Documents (TGDs), Permit Guidance
Manuals, and Technical Resource Documents (TRDs). Although emphasis is given
to hazardous waste facilities, the information presented in these documents
may be used for designing, constructing, and operating nonhazardous waste
LTSD facilities as well.

The RCRA TGDs present design, construction, and operating specifications
or evaluation techniques that generally comply with or demonstrate compliance
with the Design and Operating Requirements and the Closure and Post-Closure
Requirements of Part 264. The Permit Guidance Manuals are being developed to
describe the permit application information the Agency seeks and to provide
guidance to applicants and permit writers in addressing information require-
ments. These manuals will include a discussion of each step in the permit-
ting process and a description of each set of specifications that must be
considered for inclusion in the permit.

The TGDs and Permit Guidance Manuals present guidance, not regulations.
They do not supersede the regulations promulgated under RCRA and published in



the CFR. Instead, they provide recommendations, interpretations, sugges-
tions, and references to additional information that may be used to help
interpret the requirements of the regulations. The recommendation of
methods, procedures, techniques, or specifications in these manuals and
documents is not intended to suggest that other alternatives might not
satisfy regulatory requirements.

The TRDs present summaries of state-of-the-art technologies and evalua-
tion techniques determined by the Agency to constitute good engineering
designs, practices, and procedures. They support the RCRA TGDs and Permit
Guidance Manuals in certain areas by describing current technologies and
methods for designing hazardous waste facilities or for evaluating the
performance of a facility design. Whereas the RCRA TGDs and Permit Guidance
Manuals are directly related to the regulations, the information in the TRDs
covers a broader perspective and should not be used to interpret the re-
quirements of the regulations.

This document 1is a Technical Resource Document. It is a thoroughly
revised edition of the 1983 edition which was published by the Municipal
Environmental Research Laboratory of the EPA., This edition reflects the
changes in regulations and the advances in waste containment technology that
have taken place since 1983, It also reflects the considerable research that
has been performed in the area of waste containment and the expéerience that
has been gained in this technology. This new edition incorporates the many
responses to comments received in the peer review of the draft. This docu-
ment supercedes the March 1983 edition.

Comments on this revised publication will be accepted at any time. The
agency intends to update these TRDs periodically based on comments received
and/or the development of new information. Comments on any of the current
TRDs should be addressed to Docket Clerk, Room S$-269(c), Office of Solid
Waste and Emergency Response (WH-562), U.S. Environmental Protection Agency,
401 M Street, S.W., Washington, D.C., 20460. Communications should identify
the document by title and number (e.g., "Lining of Waste Containment and
Other Impoundment Facilities", SW-870).
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AA

ABS
AEM
AET

Al
ALR
AM
API
As
ASAE
ASTM
atm

8

b

B

Ba

Be

Bi
Bit
BOD
BODg
BTU/1b
c

C

Ca

ca

Ca
CaCly
CaC03
CaFp
cal
cal/g
CCly
Cd
CED
CERCLA

ABBREVIATIONS AND SYMBOLS

Angstrom

Available; Area of flow; Inside cross-sectional
area of a sample container; Acetone

Atomic absorption

Acrylonitrile-butadiene-styrene

Acoustical emission monitoring

Actual evapotranspiration

Silver

Aluminum

Action leakage rate

Amorphous

American Petroleum Institute

Arsenic

American Society of Agricultural Engineers

American Society for Testing and Materials

Atmosphere, unit of pressure

Slope angle

Experimentally obtained constant

Boron

Barium

Beryllium

Bismuth

Bitumin

Biochemical oxygen demand

Biochemical oxygen demand (5 days)

British Thermal Units per pound

Soil cohesion

Celsius

Adhesion

Approximately

Calcium; shear strength parameters of adhesion

Calcium chloride

Calcium carbonate

Calcium fluoride

Calorie

Calories per gram

Carbon tetrachloride

Cadmium

Cohesive energy density

Comprehensive Environmental Response, Compensation
and Liability Act (Superfund)
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Code of Federal Regulations
Methyl alcohol

Methane

Carbon, hydrogen, oxygen, nitrogen, sulfur
Chloride

Centimeter

Centimeters per second
Epichlorohydrin polymer

Carbon dioxide

Cobalt

Chemical oxygen demand
Centipoise

Chlorinated polyethylene
Construction quality assurance
Construction quality control
Chloroprene rubber - neoprene
Chromium

Chlorosulfonated polyethylene

Chlorosulfonated polyethylene - low water absorption,
i.e. industrial grade

Copper

Cubic

Cubic yard

Crystalline or semicrystalline thermoplastic
Dissolved or disintegrated; Diffusion coefficient
Day, denier

Some particle size of the soil (often dgs)
Particle size, at which 85% of the soil is finer
Friction angle, potential energy of organics
Dispersive parameter

Hydrogen bonding parameter

Hildebrand solubility parameter

Polarity parameter

Total Hansen solubility parameter

Energy required to vaporize one mole of material
Heat of fusion

Hydraulic head difference

Vapor pressure difference

Dry basis

Dichlorodiphenyldichloroethane
Dichlorodiphenyltrichloroethane

di (ethyl-hexyl) phthalate

Deionized

Dimethylketone

Dioctyl phthalate

Destruction and removal efficiency

Differential scanning calorimetry

Deformation

Each

Electrical conductivity

Cohesion efficiency
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ECB
ECO

e.g.
Eh

EIA
ELPO
EMMAQUA

E¢
EP
EPA
epi
EPDM
EPRI
EPTC
ER
ESC
et al
etc
EVA
F
FDC
Fe
FGD
FLEX
FML
FR
FS
ft
FTB
FTMS

Yd
Ydma X
Yd
Yttar
GC
GC/MS
g
g/cm
g/kg
g/L
g/mL
gal
gal/sq yd
Ge
gpad
gpm
GTR
h

Ethylene copolymer with bitumen
Epichlorohydrin rubber (copolymer of ethylene
oxide and chloromethyl oxirane)

For example

Redox potential

Ethylene interpolymer alloy

Elasticized polyolefin

Equatorial Mount with Mirrors for Acceleration Plus
Water Spray (Accelerated outdoor weathering using
concentrated natural sunlight)

Friction angle efficiency

Expanded polystyrene, extraction procedure
Environmental Protection Agency

Ends per inch

Ethylene propylene rubber

Electric Power Research Institute
Extraction Procedure for Toxic Characteristic
Electrical resistivity

Environmental stress cracking

And others

And the like

Ethylene vinyl acetate

Fluorine; Fahrenheit

First derivative computer

Iron

Flue gas desulfurization

Flexible liner evaluation expert

Flexible membrane liner

Fabric-reinforced

Flow rate factor of safety; factor of safety
Foot

Film tear bond

Federal Test Method Standard

Dry density

Maximum dry density

Target density

Total (or wet) density

Gas chromatography

Gas chromatography/mass spectroscopy

Gram

Grams per centimeter

Grams per kilogram

Grams per liter

Grams per milliliter

Gallon

Gallons per square yard

Germanium

gallons per acre per day

Gallons per minute

Gas transmission rate

Hour; Height
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H

H20

HpS

HAC

HC1

HDPE

HDPE-A

HELP

HFL

Hg

HIPS
HNO3-HF-HOAc

HSGC

HSWA

i

i.e.

IIR

in.

ipm

IR

k

K

kg

kN

Kn
KOH
kPa
k
AP

L

1b
1bf
1b/ft
LCRS
LDCRS
LDPE
LF
LLDPE
L1i
LiCl
LPG
LVT
m

ug
ug/kg
ug/L
ul
um
umho

Height

Water

Hydrogen sulfide

Hydraulic asphalt concrete

Hydrochloric acid

High-density polyethylene

High-density polyethylene - alloy

Hydrologic Evaluation of Landfill Performance

Hydrofluoric acid waste

Mercury

High impact polystyrene

Nitric acid-hydrofluoric acid-acetic acid waste

Headspace gas chromotography

Hazardous and Solid Waste Amendment of 1984

Hydraulic gradient

That is

Isobutylene-isoprene rubber (butyl rubber)
Inch

Inches per minute

Infrared

Darcy's coefficient of permeability
Potassium; permeability

Kilogram

Kilonewton

Permeability normal to the plane of the fabric
Potash )

Kilopascal

Planar coefficient of permeability

A value depending on soil density, gradation,
fabric-type, etc.

Liter, length

Pound

Pounds (force)

Pounds per foot

Leachate collection and removal system

Leak detection, collection and removal system
Low-density polyethylene

Lineal foot

Linear low-density polyethylene

Lithium

Lithium chloride

Low-pressure gas

Low temperature curing cement

Meter

Micrograms

Micrograms per kilogram

Micrograms per liter

Microliter

Micrometer

Micromho

umho/cm Micromhos per centimeter
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MBAS Methylene blue active substances
mcal Millicalorie
mcal/sec Miliicalories per second
MDPE Medium density polyethylene
MEK Methyl ethyl ketone
Mg Magnesium
mg Milligram
mg C1/L  Milligrams of chloride per liter
mg/kg Milligram per kilogram
mg/L Milligram per liter
MIBC Methyl isobutyl carbinol

mil Inch x 0.001
min. minute

MJ Millijoule
mL Milliliter

mL /L Milliliters per liter
mL/min. Milliliters per minute

mm Millimeter

Mn Manganese

Mo Molybdenum

mo Month

MP Melting point; Mega poise
MPa Mega pascals

MSW Municipal solid waste

MTG Minimum Technology Guidance
MTM Matrecon Test Method

MW Molecular weight

n Number of reinforcement layers
N Nitrogen; Newton

N2 Nitrogen

Na Sodium

NA Not available

na Not applicable

NaC1 Sodium chloride
NaOH Sodium hydroxide

NBR Nitrile rubber

NBS National Bureau of Standards
n.d. No date

ND None detected

ng Nanogram

ng/L Nanograms per liter

NH3 Ammonia

NHg Ammonia salts

Ni Nickel

N/m Newtons per meter

NO2 Nitrite

NO3-N Nitrate nitrogen

NSF National Sanitation Foundation
02 Oxygen

Ofabric some opening size of the fabric
095 95% opening size of the fabric
0IT Oxidative induction time
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0z

pact
yreq'd
P

PA

PB

Pb
PCA
PCB
pCi/L
PCCP

PEL
PERC
perm

RCRA
RH
RLL

RQD

S-100
5-200
SAE

Ounce

Soil friction angle

Permittivity

Actual, or test, value

Required, or design, value
Phosphate; Primary function; Precipitation
Permeability coefficient, gas
Polyamide-nylon

Polybutylene

Lead

Portland Cement Association
Polychlorinated biphenyls

Pico curie per liter

Post-closure care period
Polyethylene

Polyester elastomer

Percolation

Permeance

Polyester terphthalate
Polyisobutylene

Polonium

Percent open area

Polypropylene

Pounds per inch

Parts per million

Pounds per square foot

Pounds per square inch
Polyurethane

Polyvinyl chloride

Polyvinyl chloride, elasticized
Polyvinyl chloride, oil-resistant
Rate of flow

Quality assurance/quality control
Quart

soil bulk density
Fabric-reinforced; radius of failure arc
Radium

Response Action Plan

The Resource Conservation and Recovery Act
Relative humidity

Rapid and extremely large leakage
Surface run off

Rock quality designation

Normal stress

Vertical stress

Secondary function; Solubility coefficent
Solidification/stabilization
Second

Stress at 100% elongation

Stress at 200% elongation

Society of Automotive Engineers
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Sb Antimony

SBR Styrene-butadiene rubber

SDRI Sealed double-ring infiltrometer
Se Selenium

sec Second

Si Silicon

S02 Sulfite

N Sulfate

SP The SP grade of coarse sand under USCS
sq Square

sq ft Square foot

sq yd Square yard

Sr Strontium

ST Soil moisture storage

STP Standard temperature and pressure

SVT Solvent vapor transmission

T Shear stress of the soil; Shear strength of the soil
8 Transmissivity

Tj Allowable strength of geogrids

t Thickness of the fabric; Time

Ta Tantalum

TBP Tributyl phosphate

TCA 1, 1, 1-trichloroethane

TCLP Toxicity Characteristic Leaching Procedure
TCE Trichloroethylene

TDR Time-domain reflectometry

TDS Total dissolved solids

TGA Thermogravimetric analysis

Th Thorium

THF Tetrahydrofuran

Ti Titanium

Ty Allowable strength of geogrid or geotextile
Tm Melting temperature of crystaline phase

TMTDS  Tetramethyl thiuram disulfide
TN-PVC Thermoplastic nitrile

T0C Total organic carbon

TOX Total organic halides

TP Thermoplastic

TRD Technical Resource Document
TS Total solids

TSDF Treatment, storage, and disposal facility
TSS Total suspended solids

TVA Total volatile acids

TVS Total volatile solids

U Uranium; unreinforced

Uscs Unified Soil Classification System

USLE Universal Soil Loss Equation

v Ultraviolet

v Vanadium

Ve Percent volatiles of a sample after exposure
Vi Molar volume
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versus

Optimum water content

Width; waste; moisture (or water) content;
Weight of failure zone

Weight

Water Vapor Transmission

Xylene

Moment arm to centroid of failure zone
Crosslinked

Yard

Moment arms to each level of geogrid
Year

Zinc

Zirconium
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

In 1965 Congress passed the Solid Waste Disposal Act, the first federal
statute to require safeguards and encourage environmentally sound methods for
disposing of wastes. Congress amended this law in 1970 and again in 1976
by passing the Resource Conservation and Recovery Act (RCRA), PL-94-580.
Subtitie C of this act required the U.S. Environmental Protection Agency
(EPA) to establish a Federal hazardous waste management program and mandated
that the EPA promulgate regulations establishing performance standards and
requirements for the location, design, and construction of hazardous waste
treatment, storage, and disposal facilities (TSDFs). Subtitle D established
a cooperative framework for Federal, State, and local governments to control
the management of solid wastes not covered by Subtitle C. The goal of RCRA
is to ensure that waste TSDFs are designed, constructed, and operated in a
manner that protects human health and the environment.

The EPA has issued a series of waste regulations under Subtitles C and
D of RCRA in the Code of Federal Regulations (CFR). On September 13, 1979,
the EPA first promulgated criteria for classification of solid waste disposal
facilities and practices (40 CFR 257). These criteria established minimum
performance standards for all solid waste storage and disposal facilities.
On May 19, 1980, EPA issued general standards that identified which wastes
were hazardous and created a system for the management of hazardous wastes
which included a tracking system to monitor the movement of hazardous wastes
from the point of generation to final disposal (40 CFR 260-65). These
general standards also delineated basic performance objectives necessary
for safe handling and control of hazardous wastes during generation, trans-
port, treatment, storage, and disposal.

As knowledge about the environmental impacts of waste disposal increased
and technology for the handling of hazardous wastes developed, Congress revised
RCRA again in 1984. These amendments are also known as the Hazardous and
Solid Waste Amendments of 1984 (HSWA), PL-98-616. HSWA established minimum
technological requirements for new hazardous waste landfills and surface
impoundments and required the EPA to promulgate regulations or issue guidance
documents regarding the implementation of these requirements. Since then,
the EPA has promulgated regulations detailing operation and design requirements
for hazardous waste TSDFs. These regulations have been incorporated in 40
CFR 264. The EPA has also issued for comment and use draft minimum technology
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guidance (MTG) documents on double liner systems for hazardous waste landfills
and surface impoundments (EPA, 1985) and on final cover systems for hazardous
waste landfills and surface impoundments (EPA, 1987a). Both the minimum
technology requirement regulations and the MTG documents are presently under
review. EPA eventually will formalize additional technology guidelines by
incorporating them into the Agency's regulations. HSWA also mandated continued
review of the performance standards for Subtitle D (nonhazardous) solid waste
TSDFs to determine whether the current criteria are adequate for protecting
human health and the environment.

One method of protecting the environment and human health is to prevent
hazardous and toxic waste constituents from migrating out of a waste TSDF
unit into other areas, particularly the groundwater. To a great extent, this
can be accomplished by controlling the liquid components of the impounded
waste. Two strategies are being used to control liquids: one is to prevent
any liquids present in the unit from escaping into the surrounding environ-
ment; and the other, in the case of landfills, is to minimize leachate
generation by keeping liquids out of the unit. Methods of keeping liquids
out include building a cover on top of the landfill at the end of its active
life, banning the disposal of liquids, preventing surface run-off from
entering the unit, etc.

Placing hazardous wastes in lined TSDF units is a key element in the
Federal waste management program. Except in cases where the conditions for
statutory variance are met, HSWA -required new hazardous waste landfills and
surface impoundments to have two or more liners, a leachate collection and
removal system (LCRS) between these liners, and (in the case of a landfill)
an LCRS above these liners. The different components of the lining system
include flexible membrane liners (FMLs), soil liners, and the components of
the LCRSs. Present EPA guidance requires the bottom liner to be a composite
lTiner consisting of both an FML and a soil liner, and the top liner to be, at
a minimum, an FML. A liner is a barrier that greatly restricts the migration
of liquids. No single liner, however, can prevent the migration of some
liquids due to vapor transmission or leakage caused by either imperfect
installation or breaches that develop during service. In addition, a liner
does not have structural strength. Only as a component of an engineered
system with a rigorous operational program can a liner minimize the migration
into the environment of hazardous constituents placed in land storage or
disposal units. FMLs are also used as barriers in final covers for landfills
to control the infiltration of water (e.g. from rain, surface run-off, etc.)
into the closed unit.

Other important components of a lining system include the LCRSs. These
systems can be comprised of both synthetic and granular materials. In a
landfill, the purpose of the LCRS above the top liner is to minimize the head
of leachate on the top liner during the active life of the landfill and to
remove liquids during the post-closure care period. The purpose of the LCRS
between the two liners is to rapidly detect, collect, and remove all liquids
that enter the LCRS throughout the active life and post-closure care period
of the unit.
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As a whole, the 1liquids management system attempts to:

- Minimize leachate generation in a landfill or a waste pile unit during
its active life.

- Collect and remove all pumpable quantities of leachate generated in a
unit (in the case of landfills and waste piles).

- Collect and remove all pumpable quantities of liquids that pass
through the top liner of a double Tiner system.

- Operate the unit up through closure without the escape of liquids (in
the case of waste piles and surface impoundments) or leachate (in the
case of landfills).

- Control the generation of leachate within a closed landfill unit.

At present, except in cases that meet criteria for statutory variance,
EPA regulations require two types of hazardous waste TSDF units to meet the
double Tiner requirement:

- Surface impoundments.
- Landfills.

Proposed rules extending the double liner requirement to waste piles have
been published in the Federal Register (EPA, 1987b). Waste piles are non-
containerized accumulations of solid waste. They can be used for treatment
as well as storage of dry materials and are temporary in nature. Surface
impoundments are for the temporary storage and treatment of liquids. Land-
fills are for the permanent disposal of solid wastes on land.

At present, there are no technological design requirements for units
for containing Subtitle D (nonhazardous) wastes, though proposed regulations
are due to be published in the near future. Nevertheless, lining Subtitle D
waste containment units may be desirable or necessary given particular site
conditions or the specific waste stream in order to meet the performance
standard criteria stated in 40 CFR Part 257. Subtitle D wastes include
municipal solid waste (MSW), nonhazardous industrial waste, municipal sludge,
municipal waste combustion ash, construction and demolition waste, agri-
cultural waste, o0il and gas waste, and mining waste.

Depending on the type of service required, waste containment units may
need to function from a relatively few years, as in the case of some storage
facilities, up to 100 years or more, as in the case of some landfills, and to
function in such a manner that hazardous or toxic materials are under control
and do not migrate from the unit in an uncontrolled manner.

1.2 PURPOSE OF THIS TECHNICAL RESOURCE DOCUMENT

Lining a containment unit is a feasible means of protecting the ground-
water from hazardous or toxic waste constituents. This Technical Resource
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Document (TRD) provides information on the selection, design, construction,
and performance of various lining and cover systems based on current tech-
nology, with particular emphasis on FMLs and the containment of hazardous
wastes. However, information appropriate to the containment of nonhazardous
wastes and the use of lining materials in mining applications is also pre-
sented. The discussion of soil liners is limited to their use in composite
liners 1in double-liner systems; for further information the reader is di-
rected to a companion TRD (Goldman et al, 1985). The information presented
in this document is intended to assist the user in determining what FMLs
would be effective in containing specific wastes or waste leachates.
Effective control for containment units means minimizing the migration of
hazardous or toxic waste constituents into and through the 1lining system.

1.3 SCOPE

Chapter 2 discusses the types of waste liquids and leachates that may
contact a lining system. The discussion of leachates includes the liquids
that may constitute the leachates and the dissolved constituents that are
carried by these liquids. This chapter describes the basic types of waste
liquids and hazardous substances that may require secondary containment.
Trends in the types of wastes and substances that are being contained in
land-based storage and disposal units are also discussed.

Basic concepts and factors in the transport of mobile constituents
of a solid or liquid waste placed in a containment unit and the escape of
these constitutents into the environment are discussed in Chapter 3. The
paths and mechanisms by which these constituents are transported within a
unit are discussed with particular emphasis on transport within a multi-
layered liner system, including the FML and soil liners and the leachate
collection and removal systems because the migration and partitioning of
mobile constituents to specific subcomponents of a 1lining or cover system may
adversely affect the performance of the system. This chapter concentrates on
closed FML-lined landfills and FML-lined surface impoundments that meet the
requirements of RCRA and its amendments.

Chapter 4 describes various types of materials and products that are
used in the design and construction of lined waste containment units and
presents data concerning their properties. These materials, which are needed
to fulfill a variety of functions in the structure of these containment units
include FMLs, geotextiles, geogrids, geonets, geocomposites, sand and gravel,
concrete, pipe, and soil, which are used for preventing migration, separa-
tion, support, soil reinforcement, filtration, and drainage.

The Tlong-term effects of waste liquids and environmental stresses on
FMLs and ancillary construction materials, as demonstrated in laboratory and
pilot-scale field studies, are discussed in Chapter 5. As background to
this discussion, the environments that FMLs and other materials may encounter
in various types of actual waste containment units are described. These
environmental conditions either have been observed or are considered highly
probable. The types of units discussed include MSW landfills, surface
impoundments, hazardous waste landfills, waste piles, leach pads, secondary
containment facilities, and tailings ponds.
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Chapter 6 reviews selected field studies on FMLs and other related
materials of construction in service environments with particular emphasis on
the durability of these materials. Various factors that could contribute to
the failure of an FML-Tined unit are described. The properties of the
studied materials are described to provide a basis for correlating field
performance with the results of laboratory and pilot-scale tests in order
to develop performance-related tests and to establish performance criteria
for the use of FMLs in service environments.

Chapter 7 discusses the minimum performance and technological re-
quirements for the design of lined waste containment units and reviews
engineering options available to the designer, with particular emphasis on
designing a double-lined containment unit for the disposal or storage of
hazardous wastes. The same design principles would readily be adopted for
single-lined units for the containment of nonhazardous wastes or materials.

Chapter 8 discusses .specification documents for the construction of
waste containment units with particular emphasis on the technical specifica-
tions which include the plans, specifications, and drawings that are neces-
sary for bid packages and which are necessary to communicate to construction
and installation contractors the quality of the materials of construction
required by the design and the quality of work to be performed during con-
struction.

Chapter 9 discusses various steps in constructing and installing the
major components of double-lined waste containment units including:

Earthworks, including the soil component of a composite liner.

FMLs.

Leachate collection and recovery systems.

Final cover systems.

Chapter 9 also discusses special considerations in FML installation, such as
installation around appurtenances, and the construction of admixed liners.

Chapter 10 reviews EPA guidelines for construction quality assurance
(CQA) plans pertaining to the construction of hazardous waste containment
units with particular emphasis on the tests and types of observations in-
volved in CQA during construction of a containment unit.

The measures that must be taken in managing a waste containment unit
from the time of commencement of operations through the operational and
post-closure care periods are described in Chapter 11. These measures
include the standard operating procedures that must be developed at the time
the permit application is prepared. The need for controlling the incoming
waste, and methods of monitoring the performance of the in-service lining
systems, the earthworks, and final cover systems are described.
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Chapter 12 discusses factors influencing the cost of constructing a
waste containment unit and discusses the cost of various liner materials as
well as other construction materials such as pipes, geogrids, geonets,
drainage materials, etc. Some costs for earthworks construction and factors
that can affect liner installation costs are presented. The cost of dif-
ferent storage or disposal alternatives are compared, and Tlastly, costs for
quality assurance inspection of the materials and the construction are
discussed.

More detailed information on subjects discussed in the main body of the
document is presented in the appendixes. Appendix A presents examples of
significant waste sources and the types of wastes generated by these sources.
Appendix B lists companies that provide liner materials and services.
Polymers which were formerly used in the manufacture of FMLs are described in
Appendix C. Appendix D describes the pouch test for permeability of poly-
meric FMLs. A procedure for determining the extractables contents of exposed
and unexposed FMLs is presented in Appendix E. The results of testing a wide
range of unexposed polymeric FMLs and other commercial sheetings for physical
and analytical properties are presented in Appendix F. A procedure for
determining the volatiles contents of exposed and unexposed FMLs is presented
in Appendix G. Appendix H describes the tub test of polymeric FMLs. Special
considerations in designing a leachate collection system network are de-
scribed in Appendix I. Appendix J summarizes the results of analyzing
hazardous and toxic wastes used in the exposure tests which are discussed in
Chapter 5. Appendix K presents suggested property standards for selected
FMLs. Appendix L reprints the EPA Method 9090 compatibility test for wastes
and FMLs (EPA, 1986). Appendix M lists observations that should be made and
tests that should be performed for the CQA and construction quality control
(CQC) of hazardous waste containment units. Appendix N presents locus-of-
break codes that can be used in reporting the results of testing FML seams.

This document attempts to bring together current knowledge and tech-
nology related to lining and cover systems; the information presented is
selected for use by site owners and operators, permit writers, and those
responsible for preparing permit applications to aid them in gaining a
comprehensive understanding of the numerous elements involved in the design
and construction of waste containment units. This document can also be used
by researchers, materials and component suppliers, and the general public as
a source of information on the design of hazardous waste as well as other
types of storage and disposal units.

This document refers to, but does not discuss, the following subjects:

- Site selection.

- Detailed discussion of methods of analysis of wastes, except for
information on waste components that are aggressive to linings of

all types.

- Monitoring of groundwater.
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1.4
EPA.

EPA.

EPA.

EPA.

- Attenuation of pollutants in the native soil below the lining system
(subsurface).

- Soil characteristics and behavior in waste containment applications.

- Legal aspects, except insofar as they affect the design or operation
of a containment unit.
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CHAPTER 2
CHARACTERISTICS OF WASTE LIQUIDS AND LEACHATES

2.1 INTRODUCTION

In waste management, groundwater protection, and pollution control, the
liquid components of wastes contained in treatment, storage, and disposal
facilities (TSDFs) are of primary concern. Even though placing bulk or
noncontainerized 1liquid hazardous wastes or hazardous wastes containing
free 1iquids in Tandfills was prohibited as of May 8, 1985 (40 CFR 264.314),
the disposal of solid wastes can result in leachates generated by the per-
colation of 1liquids (e.g. rainwater) through the waste. Without adequate
control, waste liquids and leachates can migrate out of a containment unit
carrying constituents that may pollute the groundwater. By lining a waste
containment unit with an engineered 1lining system which includes a low-
permeability Tliner, e.g. a flexible membrane liner (FML), the migration
of liquids out of the unit can be controlled. At the same time, liquids or
constituents dissolved in the liquids present in a lined containment unit may
interact with components of the lining system. Thus, knowledge of the
composition of the Tiquid to be contained, including that of the dissolved
constituents, is important in selecting the specific materials to be used in
constructing the Tining system for a given containment unit. Because such
specific information is generally not available, the EPA has developed Method
9090 to determine the compatibility of FMLs proposed for use in constructing
a 1i%er system with the waste liquid or leachate to be contained (EPA,
1986a).

Even though inorganic constituents of a given waste liquid or leachate
may affect organic solubility, the organic constituents are of principal
importance in determining the compatibility of the polymeric components of a
lining system and a given waste liquid since they can potentially be absorbed
by polymeric compounds or extract components of a compound resulting in
changes in mechanical properties. In the case of FMLs, absorption of an
organic species can also result in permeation of that species. An organic
waste or sludge with an organic liquid phase will most probably expose the
liner to the organic species contained in the waste. The examples presented
in this chapter and in Appendix A show that the wastes disposed of in in-
dustrial waste containment units cover the spectrum of chemical species.
It should be noted that organics are subject to regulatory control. The
effects of organics on polymeric materials is discussed in Chapter 5.
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Two conditions that can be encountered, particularly in surface im-
poundments, by an in-service FML 1in contact with waste liquids containing
organics are presented schematically in Figure 2-1. In the first condition,
the waste 1liquid that contacts the FML consists of water with dissolved
organics and probably some inorganics. In the second condition, the FML is
in direct contact with a mixture of organic liquids. This condition has been
encountered in the field when the organics, having a higher specific gravity
than the aqueous waste liquid, exceed their solubility in water and pool
above the FML. The concentration of organics in the waste directly in
contact with the FML is considerably higher in the second condition.

Aqueous waste
liquid with
dissolved organics

Aqueous waste
liquid with
dissolved organics

"_o.'-. .«_- _e."o—

\\\\

. S
---- Orgamc mixture ;" ..-_.:
Sand, soil

e
=

N\

‘ Sand'so"///‘— FML

or geotextile

Condition 1

Figure 2-1. Two conditions that FMLs in contact with waste liquids or

leachates can encounter in waste containment units.

Cheremisonoff et al (1979) estimated that 90% by weight of industrial
hazardous wastes are produced as Tliquids and that these 1liquids contain
solutes in the ratio of 40% inorganic to 60% organic. Liquids as such can no
longer be placed in landfills; they must be treated to meet regulatory
criteria before final disposal (40 CFR 264.314).

In addition, hazardous wastes may have to be treated to meet treatment
standards being developed by the EPA (40 CFR 268, Subpart D). The RCRA
Hazardous and Solid Waste Amendments of 1984 prohibit the Tand disposal
of untreated hazardous waste subject to land disposal restrictions beyond
specified dates. This statute requires the EPA to set "levels or methods of
treatment, if any, which substantially diminish the toxicity of the waste or
substantially reduce the likelihood of migration of hazardous constituents
from the waste so that short-term and long-term threats to human health and
the environment are minimized" [Sec. 3004(m)(1)].
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The complex nature and variety of waste 1liquids greatly complicate
attempts to predict the effects on the performance of FMLs of their exposure
to the liquids present in waste containment units. At the present state of
knowledge, the short-term integrity (<20 years) of well-engineered 1lining
systems 1in properly operated containment units appears to be very good.
However, the long-term integrity of liner systems in actual service in
lined landfills has not been established. Interactions among the dissolved
constituents and their long-term effects on the components of in-service
lining systems, which are also subjected to various mechanical stresses, are
uncertain and the field experience that has been accumulated is limited.
Further results of actual field performance are necessary to assess the
long-term integrity of in-service lining systems. Interactions between
wastes and specific liner materials are discussed in Chapter 5. Long-term
service life is discussed in Chapters 5 and 6.

This chapter discusses waste liquids and leachates generated by solid
wastes and the dissolved constituents that are carried by these liquids
which may contact the liner systems in waste containment units. Data are
presented on the composition of hazardous waste leachates. Also discussed
are trends in the types of wastes and substances that are being contained in
land-based storage and disposal facilities. This chapter also describes the
basic types of waste liquids and hazardous substances that may require
secondary containment. It should be recognized that new regulations and
developments in treatment technology in the future will result in a decreased
volume of 1liquid wastes and 1in liquids of lower concentration which may
require storage or ultimate disposal. Appendix A presents data on the
composition of municipal solid waste (MSW) Tleachates and the composition of
wastes produced by various industries.

2.2 GENERAL DESCRIPTION AND CLASSIFICATION OF
LEACHATES AND WASTE LIQUIDS

The two types of liquids that may be present in a waste storage or
disposal unit are Tleachates and waste liquids. The type of waste present
will depend on whether the unit is one that contains a solid waste, e.g. a
landfill, or one that contains a 1liquid waste, e.g. a surface impoundment.
The following paragraphs describe the basic types of leachates and waste
liquids. Data are presented on the composition of actual hazardous waste
leachates.

2.2.1 Types of Leachates

In the context of waste management, leachate is the product of liquids
percolating through solid waste and dissolving soluble constituents of the
waste. The Tiquids that percolate through a waste come from three sources:

- Water from outside the containment unit, e.g. rainwater and surface
drainage.

- Liquids originally in the waste.
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- Liquids generated by the decomposition of the waste (particularly in
MSW landfills).

Figure 2-2 schematically presents the generation of leachate.

OVERBURDEN OUTSIDE WATER
PRESSURE (Rainwater, Drainage)

LIQUID PORTION OF WATER SOLUBLE
THE WASTE PORTION OF THE WASTE

WATER FROM
DECOMPOSITION
OF THE WASTE

LEACHATE COLLECTION
| AND REMOVAL SYSTEM |

m= " B L NER

Figure 2-2. Sources of leachate generated by a solid waste.

The type of leachate produced by a landfill will depend on constituents.
Chian and DeWalle (1977) have shown that leachates are generally aqueous and
that dissolved organics and inorganics are present in only small quantities.
Depending on the composition of the waste, however, 1iquid organic phases may
be present.

Even though wastes containing free liquids are presently banned from
disposal in hazardous waste landfills, some Tliquids may still be disposed of
absorbed in solid wastes. The presence of free liquids in a waste is deter-
mined on a representative sample of the waste using the "Paint Filter Liquids
Test," EPA Method 9095 (EPA 1986a). In this test, the waste sample is placed
in a paint filter. If any liquid from the waste passes through and drops
from the filter within the 5-min. test period, the waste is deemed to contain
free liquids. Once solid waste has been placed in a containment unit, the
weight of the overlying materials can result in the separation of 1liquids
from the waste in which they had been absorbed.
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The dissolved constituents of the leachate may be either organic or
inorganic. The dissolved constituents, particularly some organic con-
stituents, can affect the properties of the polymeric components of a lining
system, just as the properties of clay soil liners can be affected by dis-
so1v§d constituents at relatively low concentrations (Haxo and Dakessian,
1987).

2.2.2 Types of Waste Liquids

Waste liquids that are placed in surface impoundments fall into five
general types: aqueous-inorganic, aqueous-organic, aqueous-organic-inorganic,
organic, and sludges. These types are summarized in Table 2-1.

TABLE 2-1. TYPES OF WASTE LIQUIDS IN SURFACE IMPOUNDMENTS

Solvent or Solute or
Type continuous phase emulsified 1liquid

Aqueous-inorganic Water Inorganic
Aqueous-organic Water Organic
Aqueous-organic-

inorganic Water Organic and inorganic
Organic Organic liquid Organic
Sludges? Water or organic liquid Organic and inorganic

4Sludges contain significant amounts of suspended solids.

Aqueous-inorganic waste liquids are those in which water is the 1liquid
phase and the dissolved constituents are predominantly inorganic. Examples
of the dissolved constituents of these waste liquids include inorganic salts,
acids, bases, and trace metals. Examples of waste liquids in this category
are brines, electroplating wastes, metal-etching wastes, caustic rinse
solutions, and metal-cleaning liquids.

Aqueous-organic waste liquids are those in which water is the Tiquid
phase and the dissolved constituents are predominantly organic. Examples of
the dissolved components in this type of waste liquids are polar or charged
organic chemicals. Examples of wastes in this class are wood-preserving
wastes, water-based dye wastes, rinse water from pesticide containers, and
organic production wastes.

Of all the waste liquids that are stored in surface impoundments,
the most common are wastewaters that contain significant amounts of both
organic and inorganic species. These aqueous-organic-inorganic waste liquids
include wastewaters generated in industrial plants, e.g. chemical plants and
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petroleum refineries, which are held in surface impoundments prior to treat-
ment and disposal. Though not wastes, some in-process liquids may also be
considered agueous-organic-inorganic liquids.

Organic waste liquids are those that have an organic liquid phase and
the dissolved constitutents are other organic chemicals dissolved in the
organic liquid. Examples of this type of waste liquids are oil-based paint
wastes, pesticide manufacturing wastes, spent motor oil, spent cleaning
solvents, and solvent refining and reprocessing wastes.

Sludges are the fifth type of waste liquids. They are generated when a
waste stream is dewatered, filtered, or treated for solvent recovery. They
are characterized by a high content of suspended solids which can consist of
such solids as clay minerals, silt precipitates, fine organic solids, or high
molecular weight hydrocarbons. Examples of sludges include water treatment
sludges, American Petroleum Institute (API) separator sludge, storage tank
bottoms, flue-gas desulfurization sludges, and filterable solids from any
production or pollution control process. After the placement of a sludge in
a waste storage facility such as a surface impoundment, solids and liquids or
leachates separate out of the sludge due to gravitational forces, agglomer-
ation, overburden pressures, and hydraulic gradients. These liquids are
similar in form to the first four types of waste liquids shown in Table
2-1, depending on the composition of the liquid phase and the dissolved
constituents.

2.2.3 Constituents of Leachates and Waste Liquids

Leachates and waste liquids generally consist of a liquid phase and
suspended solids. From the standpoint of FML permeability and durability,
the suspended solids are not a factor because they do not permeate an FML
and, in general, will not affect its durability. The liquid phase consists
of a principal liquid, dissolved organic liquids, dissolved organic solids,
dissolved inorganic solids, and/or suspended organic liquids. Figure 2-3
schematically presents a generalized composition of the liquid phase of a
waste. Even though the ratio of the constituents in an actual waste liquid
will vary greatly, water is generally the principal component and the carrier
of dissolved and suspended constituents. If water is the principal 1liquid,
then the organic and inorganic constituents will be dissolved in the water,
or, in the case of the organic liquids, be present in the water in emulsified
or suspended states. The liquid phase could also be an organic solution
containing dissolved organic liquids and solids and possibly some dissolved
inorganics.

The relative abundance of a given dissolved constituent depends on the
composition of the liquid phase. For example, if the liquid is a neutral
nonpolar organic, it will tend to dissolve other neutral nonpolar organic
chemicals. If the liquid phase is predominantly aqueous, it will tend to
dissolve only small quantities of nonpolar organics and relatively large
amounts of polar organics, some of which may be totally miscible with water.
Water can dissolve relatively large amounts of some inorganic acids, bases,
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and salts. Strong inorganic acids and bases, which are invariably water-
based, may be particularly aggressive to some liner materials. (Note:
aqueous solutions with a pH less than or equal to 2 or greater than or equal
to 12.5 are prohibited from disposal in waste impoundments.)

LEACHATE AND OTHER
WASTE LIQUIDS

[ I

WATER ORGANIC LIQUIDS INORGANIC
AND/OR ORGANIC DISSOLVED
DISSOLVED SOLIDS SOLIDS
Examples: Examples:
e Organic Acids « Inorganic Acids
e Oxygenated/ « Inorganic Bases
Heteroatomic o Salts
Hydrocarbons » Trace Metals
¢ Halogenated
Hydrocarbons
* Organic Bases
o Aromatic Hydro-
carbons
e Aliphatic Hydro-
carbons

Figure 2-3. Generalized composition of leachates and other waste liquids
that may contact a liner in service, showing the constituents
that may be present.

Some organic constituents of a leachate or waste liquid may affect the
properties of an FML or other components of a liner system because they may
be absorbed by the components and, as is discussed in Chapter 3, may be
highly mobile (Haxo, 1988). For the purpose of experimentally assessing the
effects of organics, the organic constituents of the leachate or liquid need
to be characterized in terms of the physical and chemical properties that
govern their interaction with the various components of the liner system.
The relative solubility parameters (Hildebrand and Scott, 1950; Haxo et al,
1988) of the organics and those of the respective liner system components are
useful in estimating potential level of interaction. The proximity in the
values of the solubility parameters of an organic, either neat, in solution,
or dispersed in water, to those of the respective compositions of the liner
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system components can affect the performance of the respective components.
When the solubility parameters of the organic and the specific component are
close, severe swelling and softening of that FML can occur. The use of
solubility parameters in assessing and predicting the compatibility of FMLs
and waste liquids is discussed in Chapter 5. The partitioning of dissolved
organics between water and FMLs and other polymeric components is also
discussed in Chapter 5.

Dissolved inorganic constituents of the waste liquid, such as salts, do
not swell FMLs and other geosynthetics and pipe and, generally, are not
factors in changes 1in properties of these components of a liner system on
exposure to these constituents in a waste liquid. Furthermore, these con-
stituents do not permeate the FML. On the other hand, as noted above,
extreme pH of the waste liquid can adversely affect some FMLs. Results of
immersion and exposure tests in leachates and waste liquids are presented and
discussed in Chapter 5.

2.2.4 Composition of Actual Hazardous Waste Leachates

Complete knowledge of the full composition of a liquid that would be in
contact with the lining system is desirable in assessing their compatibility.
Determining the full composition of a waste liquid or leachate involves
identifying the many constituents present in that liquid. Analysis of a
waste liquid is usually performed to determine whether or not it is hazardous
by ascertaining whether or not specific chemical species identified by the
EPA as hazardous are present. In both the "Extraction Procedure (EP) Tox-
jcity Test Procedures" (EPA, 1985), and the "Toxicity Characteristic Leach-
ing Procedure" (TCLP) (EPA, 1986c), the extracts are analyzed for specific
constituents. The number and quantity of organic constituents identified by
procedures such as these may only yield a minor fraction of the total number
and amount of constituents that are actually dissolved in a leachate or waste
liquid. The total organic content of a waste liquid can be estimated by
determining the total organic carbon (TOC) content which includes both
hazardous and nonhazardous organic species. The latter species, which may
be considerably greater in number than the organics specifically identified
as hazardous, are often not identified. This lack of information of the
complete composition of a leachate necessitates the compatibility testing of
a liner system component with a representative sample of the leachate or
other waste liquid to be contained.

This subsection presents data on the composition of hazardous waste
leachates. Data on the composition of MSW leachates and various industrial
wastes are presented in Appendix A.

To develop more complete data on the composition of hazardous waste
leachates with the hope of developing a generic leachate, Bramlett et al
(1987) performed standard analyses of leachates from actual hazardous waste
facilities to determine the pollutants present. In this study, leachates
were collected from 13 hazardous waste landfills in different parts of the
continental United States. Individual samples were collected for each
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analysis in accordance with EPA sample collection protocols; the samples
were protected from the time of collection to the time of analysis to pre-
vent loss of volatile constituents and changes in their character due to
oxidation. A preservative, if needed, was added to each container. For
example, nitric acid was added to samples for metals analyses and sodium
hydroxide was added to samples for cyanide analyses. All samples were stored
at 4°C until analyzed.

Analyses of the leachates were performed for:

35 volatile priority pollutants.

68 semivolatile priority pollutants.

13 metals.

102 nonpriority pollutants, which were identifiable based on the
library spectra on hand (Bramlett et al, 1987).

Analyses included tests for the following constituents and parameters on each
of the leachate samples:

Volatile organics.

Semivolatile organics, including base/neutrals and acid extractables.

Heavy metals.

Cyanide.

Chemical oxygen demand (COD).

Total organic carbon (TOC).

Analyses for volatile and semivolatile organics were performed in accordance
with EPA Methods 624 and 625 (EPA, 1984a; EPA, 1984b). Trace metals, cya-
nide, COD, and TOC analyses were performed in accordance with the EPA guide-
lines presented in "Methods for Chemical Analysis of Water and Wastes" (EPA,
1983), as modified in the EPA Contract Laboratory Program protocol; specific
methods are listed in Table 2-2. Gas chromatography followed by gas chro-
matography/mass spectroscopy (GC/MS) was used to identify volatile organics
within three days after receipt of the samples by the laboratory. Semi-
volatile organics (base/neutral and acid extractables) were analyzed within
42 days after arrival at the laboratory.

The results of the analyses for metals, pH, redox potential (Eh),
electrical conductivity (EC), total cyanide, TOC, and COD are summarized in
Table 2-3 (Bramlett et al, 1987, p 58). The results presented in Table 2-4
(Bramlett et al, 1987, p 60) show the percentage of TOC in the leachate
samples accounted for by the analyses for the individual organics.
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TABLE 2-2.

METHODS USED TO ANALYZE LEACHATE SAMPLES

Fraction analyzed Federal Registerd EPA 600/4-79-020b SW-846¢€
Volatile organics Method 624 cee cee
Semivolatile organics Method 625 cee cee
(base/neutral and
acid extractables)
Heavy metals:
Antimony .o Method 204.2 7041
Arsenic .o Method 206.2 7060
Beryllium cee Method 210.2 7091
Cadmium cee Method 213.2 7131
Chromium cee Method 218.2 7191
Copper .o Method 220.2 cee
Lead cee Method 239.2 7421
Mercury .o Method 245.1 7470
Nickel coe Method 249.2 cee
Selenium cee Method 270.2 cee
Silver cee Method 272.2 7740
Thallium ces Method 279.2 7841
Zinc eoe Method 289.2 .
Cyanides ces Method 335.2 .
Chemical oxygen
demand (COD) cee Method 410 ces
Totai organic
cabon (TOC) cee Method 415.2 9060

dFederal Register, October 26, 1984, 40 CFR Part 136 (EPA, 1984a; EPA 1984b).
bEPA 600/4-79-020, updated March, 1983 (EPA, 1983).

CSW-846, 3rd ed. (EPA, 1986a).

Source: Bramlett et al, 1987.

Overall, it was found that the leachates were approximately 99% water
and <1% (<10,000 mg/L) organic by weight. Of the total TOC obtained by the
analyses, only 4% (i.e. <400 ppm of the leachate) was characterized. Of the
4% characterized organic carbon, 39% was organic acid, 35.8% was oxygenated/
hetroatomic hydrocarbons, 11% was halogenated hydrocarbons, 7.2% was organic
bases, 6% was aromatic hydrocarbons, and 0.9% was aliphatic hydrocarbon.
Thus, the standard EPA leaching procedure (EPA, 1986a) and analytical tests
fall far short of identifying all of the organics in a leachate, some of
which might partition to the FML and other liner system components and, over
an extended period of time, affect the performance of these materials. With-
in the 96% of the unknown carbon there may be organics (such as halogenated,
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TABLE 2-3. STATISTICAL DATA FOR METALS, pH, Eh, CONDUCTIVITY, TOTAL CYANIDE, TOC, AND COD

Number of Mean
Range of detected sites where mole
constituent Standard constituent fraction,
Parameter Minium Max 1mum Mean deviation was detected x100
Metald
Silver 0.3 32.8 6.55 9.56 13 0.0249
Arsenic 458 129,600 13,097.08 33,848.32 10 31.9456
Beryllium 0.2 7.4 0.81 1.96 6 0.0904
Cadmium 0.7 102 18.74 28.25 13 0.1572
Chromium 0.2 1,734 280.54 558.80 13 2.2826
Copper 2.3 17,030 1,885.07 4,525.28 13 13.0760
Mercury 45 39,300 4,973.04 10,308.36 12 0.0101
Nickel 17.3 67,110 6,416.95 17,609.15 13 22.5979
Lead 0.3 1,006 115.58 263.09 13 0.3740
Antimony 13 5,240 522.35 1,367.79 11 3.9792
Selenium 221 3,488 1,167.88 890.25 13 16.9132
Thallium 9.4 156 36.92 45.62 11 0.1223
Zinc 5.12 24,510 2,512.77 6,403.20 13 8.4268
100
pHD 7.1 9.3 8.2 0.857 ces .
Ehb (volts) 0.343 0.093 0.226 0.126 cee cee
Conductivitgb (umhos/cm) 4,250 12,000 14,694 6,588 cee .o
Temperatureb (°C) 19.9 32 26.7 6.2 .o .e
Total CyanideC (mg/L) 0.01 55 9.93 17.85 9 cee
CcoD¢ (mg/L) 1,950 23,300 10,217 6,475 .o .o
TOCC (mg/L) 195 11,750 3,097 3,071 ces .o

dMetal data is in ug/L (except for Hg, which is in ng/L).

bStatistical data does not include sites where no measurements were taken.

CA11 samples were analyzed for total cyanide, TOC, and COD.

Source: Bramlett et al, 1987, p 58.



TABLE 2-4. PERCENT OF TOC@ CONTENT ACCOUNTED
FOR BY ANALYSIS OF LEACHATES FOR POLLUTANTS

Hazardous

waste T0Ca, “Priority” pollutants, % “Nonpriority" Total,
site mg/L Volatile Semivolatile pollutants, % %

1 2,343 1.734 2.86 2.176 6.77

2 2,004 1.565 0.876 5.86 8.30

3 2,278 0.1886 3.94 1.951 6.08

4 718 0.659 0.604 0.2917 1.55

5 195 34.4 1.137 4.89 40.43

6 1,579 0.167 2.392 0.487 3.05

7 1,048 1.90 2.20 1.939 6.04

8 11,750 0.00393 0.743 0.1820 0.93

9 309 20.98 18.12 20.41 59.51

10 4,078 2.075 1.718 0.468 4.26

11 4,909 1.995 3.06 0.500 5.56

12 6,602 1.510 1.551 0.3520 3.41

13 2,453 0.314 1.049 1.020 2.38

aTotal organic carbon.
Source: Bramlett et al, 1987, p 60.

aliphatic, and aromatic hydrocarbons) that could have a significant impact on
the performance of a liner. On the other hand, in some cases much of the
unidentified carbon may arise from humic acid, lignin, and other organics
which would not be absorbed and affect the liner and other components of the
liner system.

In view of the small fraction of the organic carbon that was actually
jdentifiable, a subsequent study was conducted by McNabb et al (1987). In
this study, a more rigorous and complex analytical methodology was devel-
oped than was used in the study by Bramlett et al (1987). A hazardous waste
sample was analyzed with the objective of maximizing the percentage of TOC
accounted for by specific species or by functional groups. This method
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was applied to a single hazardous waste leachate sample to yield, in the
initial step, the results presented in Table 2-5. In the subsequent step,
approximately 48% of the 16,000 mg/L TOC was accounted for. Of this amount,
20% was attributed to individual species and 28% to functional groups.
Results of the analyses by McNabb et al (1987) are presented in Table 2-6.
The same analytical protocol is being used to determine the complete compo-
sition of two additional waste liquids (McNabb et al, 1987).

TABLE 2-5. INITIAL CHARACTERIZATION OF A HAZARDOUS WASTE LEACHATE

Analyte Units Field blank Sample average
Nitrogen (total) mg/L <10 635
Sulfate mg/L <3 210
Sulfide mg/L <10 <10
Methylene blue active substances mg/L <0.1 <0.1
pH . cos 6.9 4.3
Conductivity umho/cm 10 19,500
Total organic carbon mg/L <3 16,000
Total organic halides mg C1/L 0.07 166

Source: McNabb et al (1987).

One objective of the work by McNabb et al (1987) was to develop formu-
lations for synthetic Teachates which can be used in compatibility testing.
The development of a procedure to determine the composition of a waste
liquid, particularly the concentration of the major organic constituents of
the leachate, would be useful in developing predictive methods for assessing
the compatibility of an FML with a waste, based on their respective compo-
sitions. MWork described in Chapter 5 shows that some organics partition more
to some FMLs than do others. This tendency of some organics will be dis-
cussed in that chapter in connection with the use of solubility parameters in
assessing and predicting compatibility and in the distribution of dissolved
organics between water and polymeric materials.

2.3 CHARACTERIZING HAZARDOUS WASTES AND WASTE CONSTITUENTS
To meet RCRA requirements regarding management and disposal of solid

wastes, a generator or handler of a waste must determine whether the waste
being generated or handled is hazardous and toxic. He has two methods of
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TABLE 2-6.

TOTAL ORGANIC CARBON CONTENT IDENTIFIED

BY CHEMICAL CLASSIFICATION

Fraction
of total TOC 1in
TOC by leachate,
Chemical classification weight, % Representative compounds mg/L
Organic acids 20.3 Benzoic acid (17.1%) 2736.0
Phenol (3.1%) 496
Alkanoic acids (0.13%) 20.8
Substituted benzoic
acids (0.01%) 1.6
Substituted phenols
(0.002%) 0.32
Oxygenated hydrocarbons 0.8 Ketone solvents
(0.0003%) 0.048
Alcohols (0.0002%) 0.032
Trimethylpentanediol
(0.8%) 128.0
Halogenated hydrocarbons 0.86 Total organic halides
(TOX) (0.86%) 137.6
Chlorinated solvents
(0.001%) 0.16
Organic bases 0.0 None detected .o
Aromatic hydrocarbons 26.8 Aromatic compounds
>500 MW@ (26.8%) 4288
Benzene and alkyl-
substituted benzenes
(0.001%) 0.16
Aliphatic hydrocarbons 0.002 n-Alkanes (0.002%) 0.32

dMW = Molecular weight.

Source: McNabb et al (1987).
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determining whether the solid waste he is managing is hazardous (EPA, 1986d);
he can either:

- Use a list of wastes which the Environmental Protection Agency (EPA)
has identified as hazardous (40 CFR 261, Subpart D), or

- identify a solid waste as hazardous on the basis of certain measur-
able characteristics, i.e. ignitability, corrosivity, reactivity, or EP
toxicity, that are defined by the EPA (40 CFR 261, Subpart C).

To determine whether or not a hazardous waste exhibits the character-
istic of toxicity, the waste is leached in accordance with the EP Toxicity
Test Procedure (EPA, 1985) and analyzed to determine the concentration of 14
constituents, including 8 metals, and 4 insecticides, and 2 herbicides. The
waste is deemed to have the characteristic of EP toxicity (and thus is
"hazardous") if the concentration of any of the 14 contaminants is greater
than the maximum concentration values listed in 40 CFR 261.24 (EPA, 1986d).
In addition, analyses can be performed on the extract for a series of
"priority pollutants" which, as noted above, generally cover only a fraction
of the potential organics that are present in the waste. The EP toxicity
characteristic and the EP method itself both have major shortcomings. The
toxicity characteristic is the only characteristic that relates to the
toxicity of a waste not identified on the Tist of hazardous wastes in 40 CFR
251, Subpart D. It accounts for only a small fraction of the total list of
hazardous constituents identified in Appendix VIII of 40 CFR 261 (EPA,
1986d). Analyses to determine the EP toxicity characteristic of a waste give
no information on the concentrations of constituents, specifically organics,
that can affect the properties and performance of the polymeric components of
a lining system. The shortcoming of the EP method itself is that the pro-
cedure was optimized to evaluate the leaching of inorganic rather than
organic constituents. In 1984 HSWA directed the EPA to amend both the EP
toxicity charactertistic and the EP method [Section 3001(g) and (h)J.

As an alternative to the EP method, the EPA has developed the "Toxicity
Characteristic Leaching Procedure" (TCLP), which has been published as an
appendix to a final rule (EPA, 1986¢c). This procedure is presently (May
1988) being used as one method of verifying whether or not a restricted waste
or the residue resulting from treatment of a restricted waste can be legally
land disposed without further treatment. One advantage of this procedure
over the EP procedure is the requirements for preventing the loss of vol-
atiles during leaching. The constituents for which the wastes are analyzed
depend on the type of waste being extracted. For example, spent solvent
wastes (EPA waste numbers FOO1 through F005) are analyzed for 25 constituents
[40 CFR 268, Subpart D (EPA, 1986d)].

The EPA has proposed amending the EP toxicity characteristic by replac-

ing the EP method with the TCLP and by expanding the characteristic to
include 38 additional constituents, including a number of organics (EPA,
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1986e). In spite of the increased number of organics that are analyzed in
the toxicity characteristic tests, these procedures do not analyze for all
organics that may be present. Though some organics on the proposed list may
affect polymeric materials, many that are not on the list can also affect the
performance of the polymeric components of a lining system.

2.4 IMPACT OF CURRENT AND FUTURE WASTE MANAGEMENT PRACTICE
ON THE COMPOSITION OF WASTES AND WASTE LIQUIDS THAT ARE
STORED OR DISPOSED OF ON LAND

In the early 1970s, discussion of hazardous wastes focused on the
trace metal constituents which potentially could leach into the groundwater.
Other discussion focused on containment research, development, and planning,
and on the use of barrier materials to control the movement of these in-
organic constituents. At that time, the use of clay lining materials was
emphasized. Subsequently, considerable research and development has been
performed to assess the effectiveness of polymeric materials as barriers to
prevent the migration of inorganics (Haxo et al, 1985).

During the past decade, the focus has shifted toward the organic
constituents which are, in some cases, more mobile and have caused pollution
both of the groundwater and the air. Because of the toxic qualities of many
organics, efforts have been made to improve the design and construction of
waste containment units to reduce and, if possible, prevent the migration of
organics out of these units.

In view of uncertainties about the effectiveness of land disposal
over long exposure periods, considerable emphasis is being placed on the
minimization of wastes containing hazardous constituents, on the land dis-
posal restriction of specific wastes and wastes containing concentrations of
specific waste constituents, and on the treatment of restricted wastes so
that, once treatment standards are met, these wastes can be legally land
disposed. However, even with waste minimization as a national policy, there
will still be wastes requiring land disposal, including:

- Residuals from stabilization/solidification processes.
- Residuals from incineration, e.g. ash and wastewater.

- Residues from various waste treatment processes other than inciner-
ation and solidification/stabilization technology processes.

- Soils from spills of hazardous substances or wastes, the composition
of which could vary greatly.

- Contaminated material from cleanups under the Comprehensive Environ-
mental Response, Compensation, and Liability Act (Superfund) (CERCLA)
including petroleum products and the wide range of hazardous materials
that are listed in EPA rules (EPA, 1986d).
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Minimization, land disposal restrictions, and treatment of hazardous wastes
to achieve treatment standards can result in lower concentrations of some
organics that might be in contact with components of a lining system and thus
reduce the potential effects of a leachate or waste liquid on the liner
system (Breton et al, 1987; McArdle et al, 1987). Some of the current waste
management strategies that affect the composition of wastes and their
disposal on land are briefly discussed in the following sections.

2.4.1 Waste Minimization by Recycling ahd Source Reduction

Through the enactment of RCRA and HSWA, Congress has established the
minimization of waste generation as a national policy. Waste minimization is
defined as the reduction, to the extent feasible, of hazardous waste that
is generated or subsequently treated, stored, or disposed of (EPA, 1986f).
It includes any waste management practice that results in either: (1) the
reduction of total volume or quantity of hazardous waste, or (2) the reduc-
tion of toxicity of hazardous waste, or both, so long as the reduction is
consistent with the goal of minimizing present and future threats to human
health and the environment. Overall issues and options in waste minimization
are discussed in a report by Versar, Inc. and Jacobs Engineering Group
(1986).

In accordance with HSWA, EPA is establishing a waste minimization
program to comply with the waste minimization policy.

There are three basic methods of minimizing wastes (EPA, 1986f):

- Source reduction, which refers to the reduction or elimination
of waste generation at the source, usually within a process; source
reduction can include process modifications, substitutions in feed-
stocks or improvements in purity, increased efficiency in a process,
or recycling within the process. Source reduction implies any action
that reduces the amount of waste exiting from a process.

- Recycling or reusing a waste as a substitute for a commercial product,
or as an ingredient or feedstock in an industrial process. It also
refers to the reclamation of useful constituent fractions within a
waste material or removal of contaminants from a waste to allow it to
be reused.

- Waste treatment, including such technologies as incineration, chemical
detoxification, biological treatment, etc. Some of these technologies
are discussed separately below.

It should be noted that dilution 1is prohibited as a means of treating a
restricted waste or the residual from treatment of a restricted waste in
order to achieve compliance with 40 CFR 268, Subpart D [40 CFR 268.3 (EPA,
1986b) 1.
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Even without mandatory requirements, there are strong incentives for
waste generators to proceed with waste minimization. Some of the major
incentives are (EPA, 1986f):

- Increased cost of waste disposal, as a result of recent requirements
of HSWA.

- Difficulties in siting new waste containment units.

- Permitting burden and corrective action requirements.

- Financial liability of hazardous waste generators.

- General favorable public attitude toward waste minimization.

Of particular importance from the standpoint of liner performance and
service life is the minimization of wastes containing oraanic solvents and
other organics that can adversely affect liner properties. In recent years
there has been a significant reduction in the volume of solvent wastes
produced, including both halogenated and nonhalogenated solvents. At the
present time approximately 24% of these former wastes are being recycled.
In the last four years there has been a 30% drop in waste generation by the
chemical industry, even though at the same time there has been an increase
in production (Chemical Week, 1987).

2.4.2 Incineration of Wastes

Incineration is generally considered to be a well demonstrated tech-
nology for the treatment of organic hazardous wastes including spent solvent
wastes. However, incineration does produce residues, i.e. the off gas, ash,
and scrubber wastewater, each of which must be managed in an environmentally
sound manner. The ash can be landfilled either as such or after treatment.
The wastewater must be treated before final disposal. The wastewater is
usually generated in stack cleaning of the gases from the incineration. In
both the ash and the wastewater there is a potential for organics that have
not been completely oxidized. This potential was shown in an experiment
conducted by Boegel (1987) in which residues generated in two incineration
systems that burned RCRA wastes were evaluated. One system was a commercial
treatment storage and disposal facility that accepted organic wastes from a
variety of industrial generators, and the second operated on site at a
chemical manufacturing plant. Both generated two types of residue: ash and
scrubber wastewater. The ash from both facilities was landfilled. The
scrubber wastewater from one facility resulted in a metal sulfide sludge; the
wastewater from the other was neutralized and injected into a deep well. The
ash of one exhibited extremely high concentrations of tetrachloroethylene,
as is shown in Table 2-7. Tables 2-7 through 2-9 present data on the
analyses of residues from the incineration of selected wastes (Boegel,
1987).

A properly functioning incinerator should burn the solvents completely,
j.e. at a destruction and removal efficiency (DRE) of 99.99%; but, even when
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TABLE 2-7. FACILITY A ASH ANALYTICAL DATA2 - ORGANICS

Compositional,

TCLP extract,

Proposed toxicity
characteristic

Parameter ug/kg ug/L ]eve]b, ug/L
Volatile organics
Methylene chloride 38,000 8,800 8,600
Acetone 20,000 <3,300 none
Chloroform 46 <1,700 70
2-Butanone 2,000 <3,300 7,200
1,1,1-Trichloroethane 12 <1,700 30,000
1,2-Dichloropropane 32 <1,700 none
Trichloroethylene 120 <1,700 70
Benzene 42 <1,700 70
4-Methyl-2-pentanone 2,300 <3,300 none
Tetrachloroethylene 1,200,000 48,000 100
Toluene 2,500 11,000 14,400
Chlorobenzene 27 <1,700 1,400
Ethylbenzene 380 <1,700 none
Styrene 320 <1,700 none
Xylenes 1,900 <1,700 none
Methanol 410,000 cee none
Semivolatile organics
Phenol 40,000 <1,400 14,400
Nitrobenzene 29,000 <200 130
2,4-Dimethyl phenol 23,000 <1,000 none
Naphthalene 24,000 310 none
2-Nitroaniline 180,000 1,300 none
Dimethyl phthalate 55,000 370 none
Diethyl phthalate 120,000 410 none
Di-n-butyl phthalate 160,000 <200 none

dAnalysis of a single composite sample.

Aliquots of ash making up

the composite were collected every two hours during the incineration

run.

bProposed level of the constituent in the extract obtained by the TCLP
for determining whether or not the extracted waste is toxic, i.e. whether
or not the waste is hazardous (EPA, 1986e).

Source: Boegel, 1987.
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TABLE 2-8. FACILITY A ASH ANALYTICAL DATA2 - METALS

EP toxicity
Compositional, TCLP extract, EP extract, characteristic

Parameter mg/kg mg/L mg/L lTevelb, mg/L
Toxic metals
Antimony 8.0 0.094 <1.0 none
Arsenic 42.0 0.062 0.2 5.0
Barium 150 0.026 <1.0 100.0
BerylTium <0.2 <0.005 <0.2 none
Cadmium 2.0 0.02 <0.5 1.0
Hexavalent
Chromium 0.083 oo oo none
Total Chromium 71.0 0.01 <0.3 5.0
Copper 13,800 0.729 4.0 none
Lead 30.0 <0.05 <1.0 5.0
Mercury 0.2 0.00025 <0.1 0.2
Nickel 190 1.14 2.0 none
Selenium <1.0 <0.001 <1.0 1.0
Silver 0.4 <0.005 <0.2 5.0
Thallium 2.0 <0.001 <1.0 none
Zinc 280 1.15 0.3 none

Other analyses
Total solids,

(mg/kg) 599,300 eee cee cee
Specific gravity,

(g/mL) 1.2809
Paint filter

test Pass . o ces cee

dAnalysis of a single composite sample. Aliquots of ash making up the
composite were collected every two hours during the incineration run.

b4o CFR 261, Subpart C (EPA, 1986d).

Source: Boegel, 1987.
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TABLE 2-9. FACILITY B ASH ANALYTICAL DATA - METALS
Asha
TCLP EP toxicity Scrubber
Compositional, extract, characteristic wastewaterC,
Parameter mg/kg mg/L Tevelb, mg/L mg/kg
Toxic metals
Antimony 14.5 0.03 none <1
Arsenic <0.1 0.004 5.0 <0.1
Barium 75 0.39 100.0 2
Beryllium <0.2 0.002 none <0.2
Cadmium <0.5 0.01 1.0 <0.5
Hexavalent

Chromium 0.05 <10 none 0.2
Total Chromium 361 0.085 5.0 1.5
Copper 4,600 96 none 241
Lead 340 0.56 5.0 106
Mercury 1.6 0.004 0.2 <0.1
Nickel 4,200 34 none 27
Selenium -« <0.05 1.0 <1
Silver <0.2 <0.005 5.0 0.2
Thallium <1 <0.001 none <1
Zinc 1,160 25 none 363

Other analyses
Total solids 811,000 coe ese 3867
Total dissolved

solids (mg/kg) ces ces .. 3500
Total suspended

solids (mg/kg) cee cos cee 67
Total organic

halide (wt %) ces . . 0.08
Total chlorine,

(wt %) LN N 2 .00 L ) 1.59
Silica (wt %) 17.77 ces ces ces
Specific gravity

(g/mL) 1.9363 ces cee 0.9936
pH . 00 LR I 2 .00 O.7

dtach value represents the average of 6 grab samples.
bao CFR 261, Subpart C (EPA, 1986d).
CEach value represents the average of 3 grab samples.

Source: Boegel, 1987.
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an incinerator is functioning properly, it will probably produce ash that
will need to be landfilled. Landfills will remain necessary because wastes
other than pure solvents contain noncombustible constituents, e.g. metals,
soils, silicates, that produce solid residue.

2.4.3 Restrictions on the Type of Wastes

The EPA is gradually restricting the amounts and types of organics that
can be landfilled and has set up a schedule for action on the prohibition of
land disposal of untreated hazardous wastes and the establishment of treat-
ment standards [40 CFR 268 (EPA, 1986b: EPA, 1987)]. These restrictions can
limit the concentrations of constituents that may significantly affect the
properties of varius components of the lining system. For instance, reducing
the volatile halogenated organics, which are generally highly mobile, will
reduce the potential for absorption and swelling of FMLs and thus the
potential for changes in the physical properties and permeability of the
FMLs. The effect of reduced concentration of such constituents in a waste
liquid 1is discussed in Chapter 5 with particular reference to the partition-
ing of organics between water and FMLs.

2.4.4 Application of Solidification/Stabilization Technologies

The concentration and mobility of organics and other waste constituents
in a waste can be reduced through the application of one of the solidifi-
cation/stabilization technologies (S/S). These methods of treating waste
liquids and hazardous residues from various treatment technologies have been
used for more than 20 years to manage industrial wastes prior to land dis-
posal. These technologies employ selected materials (e.g. portland cement,
fly ash, Time, etc.) to alter the physical and chemical characteristics of a
waste to reduce the mobility of pollutants when disposed of on land.

A great variety of processes have been developed, and many are in use
(Conner, 1984). In general terms, S/S, as it relates to managing hazardous
wastes, refers to technologies in which additives are used to transform a
waste into a more manageable or Tless toxic form by physically immobilizing
and/or chemically fixating the waste constituents. Various terms are used
with respect to these technologies which are important to define. However,
the definitions for S/S technologies vary depending upon their source. The
following definitions are used by the EPA (Wiles, 1986; Cullinane et al,
1986) in describing these processes:

- Solidification. A process in which materials are added to a liquid
or semiliquid waste to produce a solid is referred to as solidi-
fication. It may or may not involve a chemical bonding between the
toxic contaminant and the additive.

- Stabilization. Stabilization refers to a process by which a waste
is converted to a more chemically stable form. The term includes
solidification, but also includes use of a chemical reaction to
transform the toxic component to a new non-toxic compound or sub-
stance. Biological processes, however, are not considered.
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- Chemical Fixation. Chemical fixation implies the transformation of
toxic contaminants to a new non-toxic form. The term has been misused
to describe processes which did not involve chemical bonding of the
contaminant to the binder.

- Encapsulation. Encapsulation is a process involving the complete
coating or enclosure of a toxic particle or waste agglomerate with a
new substance, e.g. the S/S additive or binder. Microencapsulation
is the encapsulation of individual particles. Macroencapsulation is
the encapsulation of an agglomeration of waste particles or micro-
encapsulated materials.

Even though wastes containing constituents that have been classified as
hazardous have been stabilized, they may still release or leach these
constituents at reduced concentrations. These wastes may need to be sub-
jected to leaching tests to determine whether or not the stabilized waste
meets treatment standards [40 CFR 268, Subpart D (EPA, 1986b)].

2.4.5 Miscellaneous Possible Hazardous Wastes

Additional wastes presently disposed of on land may eventually be listed
as hazardous wastes and require disposal in hazardous waste landfills. Two
such wastes include:

- Muncipal solid wastes and residues from the incineration of these
wastes.

- Coal-fired power plant residues, e.g. fly ash and flue-gas desul-
furization sludges.

Even though constituents of these wastes probably would not significantly
affect the polymeric components of the FMLs, listing these wastes as haz-
ardous would significantly affect the total required disposal capacity of
hazardous waste landfills. The effects of exposing a wide range of FMLs to
these wastes is discussed in Chapter 5.

2.5 DESCRIPTION OF WASTES FROM SPECIFIC SOURCES

The discussion on wastes in the above sections has been both general and
specific as it relates to the composition of the leachates or other waste
liquids that may contact liner materials in service. A general discussion
on hazardous wastes and their distribution in their United States can be
found in EPA's Report to Congress (EPA, 1974), the report of the Chemical
Manufacturers Association (1985), and the National Research Council/National
Materials Advisory Board (1983). Data on wastes from various sources,
including municipal solid wastes, industrial wastes, electric power plant
wastes, mining wastes, and uranium tailings are presented in Appendix A.
Examples of the composition of specific wastes from the following industries
are presented in that appendix:

- Electroplating and metals finishing industry.
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- Inorganic chemicals industry.

- Metal smelting and refining industry.
- Organic chemicals industry.

- Paint and coatings formulating industry.
- Pesticide industry.

- Petroleum refining industry.

- Pharmaceutical industry.

- Pulp and paper industry.

- Rubber and plastics industry.

- Soap and detergent industry.

- Coal-fired electric power industry.

Many of the wastes generated by these industries contain free liquids which,
under current statutes and rules, must be treated before ultimate disposal
to reduce leachate formation and immobilize or destroy potential polluting
species. Exampies of various treatments are described in Sections 2.4.2
and 2.4.4.

2.6 HAZARDOUS SUBSTANCES IN STORAGE FACILITIES REQUIRING
SECONDARY CONTAINMENT

In addition to being used in storage and disposal facilities, FML lining
systems are also being used for secondary containment of both aboveground and
underground tanks that contain various hazardous substances. The function
of a liner system for secondary containment is to prevent the migration of a
liquid that may be released from a leaking tank or pipe until a repair can be
made.

Ninety-eight to 99% of the liquids that are stored in underground
storage tanks are petroleum products (Lysyj, 1987), such as gasoline, diesel
fuel, crude o0il, and lubricating oils. The remaining 1 to 2% are organic
solvents of various types, as is shown in Table 2-10, Underground storage
tanks are also being used for the storing of CERCLA wastes prior to disposal.
In all cases, the liquids that are being stored are principally organics,
many of which are solvents and pure liquids. In secondary containment
applications, however, a liner is not in contact with the liquid for great
lengths of time, although it may have to be in service in the ground for
relatively long periods of time.
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TABLE 2-10. PREDOMINANT TYPES OF ORGANIC
CHEMICALS STORED IN UNDERGROUND STORAGE TANKS

Chemical

Manufacturers

California New York Association
Number Volume Number Volume Number Volume

of of of of of of
tanks, tanks, tanks, tanks, tanks, tanks,

Organic chemical % % % % % %
Solvents:

Ketones/aldehydes 35.6 32.9 25.2 31.5 23.5 21.7
Aromatic hydrocarbons 22.2 21.1 37.8 32.9 21.8 22.3
Alcohols 10.2 8.8 16.5 17.2 18.8 16.8
Chlorinated hydrocarbons 12.5 14.0 5.7 4.0 12.6 10.3
Esters 6.0 4.4 6.2 4.4 1.2 0.8
Alicyclic hydrocarbons 0.6 0.7 v “es 0.4 0.4
Total 87.1 81.9 91.4 90.0 78.3 72.3
Monomers ‘ 3.6 6.2 2.8 1.6 13.3 22.2
Miscellaneous chemicals 7.4 7.0 6.0 8.0 8.8 5.0
Pesticides 1.4 4.2 o 00 L ] * S0 L

Note: Totals may not add up to 100% because of rounding.
Source: Lysyj, 1987.
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CHAPTER 3

WASTE CONTAINMENT ON LAND AND CONSTITUENT TRANSPORT
WITHIN AND OUT OF A CONTAINMENT UNIT

3.1 INTRODUCTION

This chapter describes basic concepts and factors in the transport
of mobile constituents of a solid or liquid waste contained in a storage or
disposal facility and their escape into the environment. The paths and
mechanisms by which these constituents are transported within a containment
unit are discussed with particular emphasis on transport within multilayered
Tiner systems, such as those described in the EPA draft Minimum Technology
Guidance documents on double liner and final cover systems for hazardous
waste landfills and surface impoundments (EPA, 1985; EPA, 1987). Such
systems include FMLs, compacted soil liners, and systems for collecting and
removing liquids, e.g. leachate. This chapter concentrates on closed FML-
lined landfills and FML-lined surface impoundments that meet the requirements
of RCRA and the Hazardous and Solid Waste Amendments of 1984,

The function of a liner system in a containment unit is to minimize and
control the migration of polluting constituents in the waste or liquid being
contained and prevent them from entering the environment either through the
air or through the ground. However, even though FMLs are nonporous and
cannot be permeated by liquids per se, gases, vapors and liquids can permeate
an FML on a molecular level. Thus, even if an FML is free of holes, some
constituents of wastes can still permeate through an FML into the Tliner
system and may escape into the environment. A properly designed and con-
structed liner system should minimize and control the escape of pollutants
over extended periods of time,

In a waste storage or disposal unit, the mobile constituents will
migrate throughout the unit by advection in the liquid which carries dis-
solved constituents and by diffusion as gases, vapors, or dissolved con-
stituents. The movement of the mobile constituents is determined by factors
such as temperature, concentration, vapor pressure, partitioning, gravity,
and density. The mobile constituents will tend to migrate so that there is
equilibrium throughout the mass within the unit and with the surrounding
environment (Haxo et al, 1988; Haxo, 1988). As covers are not placed on
surface impoundments, moisture and the volatile constituents in wastewaters
can escape from surface impoundments into the atmosphere.
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Transport of chemical species can occur through FMLs without pinholes,
punctures, or other breaks, but depends on the solubility and diffusibility
of the permeating species in a particular FML. In contrast to soils, sands,
silts, and clays which are porous, the driving force for permeation through
FMLs is not gravity and the hydraulic head of the liquid but a chemical
potential (for which concentration is a good approximation in most cases) or
partial pressure gradient across the FML. Species migrate through an FML
from a higher to a lower concentration. Because the concentration of most
potentially contaminating or polluting constituents existing in the waste
will be higher than their concentration in the environment, there will be a
tendency for the mobile species to equilibrate within a unit and to move
towards the outer boundaries and out of the unit.

The rate and ultimate magnitude of transport of gases, vapors, and
liquids out of a land storage or disposal unit into the outer environment can
be affected by the specific environmental conditions that exist in the ground
or in the atmosphere. For instance, in the case of surface impoundments,
wind, relative humidity, atmosphere, and temperature can have a significant
effect on the evaporaticn of water and the escape of volatile constituents of
the impounded liquid (Cohen, 1986). In the case of transport through the
bottom liner system, in both a surface impoundment and a landfill, the rate
would be affected by such factors as the type of soil below the Tiner system
and the proximity to groundwater and an aquifer. Even though covered land-
fills can be highly "sealed" with FMLs that have low permeability, the effect
of rising and falling barometric pressure forces the waste containment system
to "breathe" and thus release constituents to the environment and bring air
into a landfill,

A11 components of a liner system can potentially interact with waste
constituents, whether they be gases, vapors, or liquids. These systems are
multilayered composites constructed of different materials, some of which are
polymeric. Each component of these systems is designed to fulfill a specific
function while it is at the same time exposed to compressive, tensile, and
multiaxial stresses. Interaction between waste constituents and the liner
system becomes important in terms of the long-term functioning of the system
because of the combined effects of mechanical stresses and interaction with
the waste constituents. Of particular concern is the effect that waste
constituents can have on components of the leachate drainage and collection
and leak-detection subsystems. The absorption of organic waste and waste
constituents could cause softening of a synthetic drainage medium, such as a
geonet, with the result that the drainage system could collapse under the
overburden and no longer function satisfactorily.

In this chapter, the mechanisms of transport of mobile chemical species
within waste storage and disposal units and the multilayered composites that
make up the liner and cover systems of landfills and surface impoundments are
discussed. Some of the basic properties of both waste liquids and FMLs that
affect the rate and direction of transport of waste constituents are also
discussed.
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3.2 PHYSICAL AND CHEMICAL ATTRIBUTES OF WASTE LIQUIDS,
GASES, AND VAPORS

As is described in Chapter 2, the wastes that are contained in both
MSW and hazardous waste landfills are highly complex, nonhomogeneous mixtures
of solids, liquids, vapors, and gases. Such mixtures can contain a high
volume of airspace and voids, which will be at atmospheric pressure. The
solid materials can be either organic or inorganic or both. The organic
waste is probably degradable; some solids may be water-soluble, and some may
sublime into the air voids. The liquid phase is usually an aqueous solution
containing dissolved organics, inorganics, and gases; there can also be
liquid phases of organics, particularly in surface impoundments. The gaseous
phase can contain "permanent" or noncondensable gases, such as nitrogen,
oxygen, carbon dioxide, methane, and hydrogen sulfide, and vapors of liquids,
such as water and the volatile organics that exist in the liquid state or
dissolved in the 1iquid phase. The composition of each phase does not remain
constant, but is subject to change with time due to consolidation of the
solid waste, to movement of mobile species, and to chemical and biological
activities within the waste.

Of particular importance, from the standpoint of containment, are the
mobile constituents, such as 1liquids, vapors, and gases, which are pre-
sent or generated in the Tandfill. The movement of these constituents is
governed by their chemical and physical properties, the conditions that
exist in the landfill, and the relevant driving forces (Versar, 1984). For
example, dissolved volatile constituents at dilute concentrations in water,
which in this case would be the leachate, will have a vapor pressure cor-
responding proportionally to the mole fraction of the constituent in the
solution.  Thus, depending on their volatility and Henry's law constant,
volatile constituents will enter pores. This constant, Ko, of a volatile
solute is defined by:

Ko = v (3-1)

at infinite dilution, where Pp is the vapor pressure above the solution
divided by the mole fraction, X2, of the solute in the solution. Con-
stituents in the leachate, both volatile and nonvolatile, can also be ab-
sorbed by the solids, such as the FMLs, by partitioning from the leachate
phase into the solid phase. Partitioning and its effect on permeability are
discussed in Section 5.4.1.7 and in more detail by Haxo et al, 1988 and Haxo,
1988, Liquid components will tend to gravitate to the bottom of the fill
where they will be collected in the leachate collection and drainage system.
When the liquid or leachate is in contact with the bottom liner, some dis-
solved constituents can then be absorbed in and pass through the FML into
the leachate detection, collection, and removal system below by vapor trans-
mission and by diffusion. The amount that would be absorbed by the Tliner
system depends on the concentration of the constituents in the Tleachate
and the relationship of the partitioning and solubility parameters among the
various components of the liner and drainage system.
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Gases, vapors, and dissolved chemical species tend to move through a
mass in accordance with their chemical potential or activity. The movement
of chemical species is from a high potential to a low potential. In the
transport of a chemical species through a membrane between two ideal solu-
tions of chemicals and vapors, chemical potential is directly related to
the concentration or the vapor pressure of the permeating species. In most
situations, however, there is deviation from ideality. Nevertheless, con-
centration is a reasonable approximation of chemical potential. Concentra-
tions of the mobile constituents will tend towards an equilibrium throughout
an impoundment unit and the surrounding environment predominantly by gas and
vapor transmission as driven by chemical potential.

3.3 CHARACTERISTICS OF BARRIER MATERIALS

3.3.1 Introduction

The materials that are used in lining waste containment units consist of
both porous and nonporous materials. The porous materials include clay soils
which are used both in the composite bottom liner and in the cover system of
a closed landfill. 1In addition to the clay soils, a variety of other porous
materials are also used, including sand, gravel, and various geotextiles for
drainage and venting. The nonporous materials are principally the FMLs and
the various sprayed-on asphaltic-type materials.

Both porous and nonporous materials are permeable to various gases,
vapors, and liquids; however, the mechanisms for permeation are substan-
tially different. Basically, liquids, vapors, and gases permeate the porous
materials through interconnecting pores or capillaries within the maerial;
gases and vapors permeate nonporous materials on a molecular basis, which
requires that the permeating molecules move individually among the polymer
chains which are continually in molecular motion.

In this section, transport through the two basic types of materials that
are used as liners, porous and nonporous, is discussed and the terminology
that is used in this TRD with respect to permeation is set forth. The term
"permeability" is used to describe transport through both types of materials,
even though the two types have widely different structures. In general,
therefore, the term “permeability" does not imply anything about the mecha-
nism of permeation; several permeation or transport mechanisms may be operat-
ing concurrently, depending on the barrier.

3.3.2 Permeation Through Porous Materials

With the exception of some metals and plastics, most materials that are
encountered are porous in nature. They include such building materials as
soils, bricks, concrete, limestone, and wood. They also can include various
filtration media that are used in the purification of water, etc. For a
material to be termed porous, it must be one of the following two types:

- The material contains spaces, voids, or pores that are embedded in a
solid or a semisolid matrix, i.e. pores that are not interconnected.
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These pores can contain fluids, air, waste, or a mixture of different
fluids.

- The material contains pores that are connected in such a way that
a fluid introduced on one side of the material will flow from pore
to pore and emerge on the other side.

Examples of porous materials that do not contain interconnected pores in-
clude closed cell foams used for flotation and blown or expanded polystyrene
insulation. The vast majority of porous materials, including the soils and
the other porous materials that are used in the construction of waste
containment units, however, are of the second type. These materials contain
interconnecting three-dimensional networks of capillary channels of non-
uniform sizes and shapes and of different surface characteristics. Flow
through these materials can take place within extremely complicated micro-
scopic boundaries. This pore structure is inseparable from the convective,
diffusive, and interfacial effects that take place within the pores.

Lambe and Whitman (1969) discuss flow phenomena in soils of a single
component liquid, such as water. Figure 3-1 illustrates schematically
the path of one-dimensional flow of a liquid on the macroscopic scale as well
as the microscopic scale. The flow path on a microscopic scale is the
highly tortuous path that liquid must follow in passing from pore to pore
through a soil to get from point P to point Q. On a macroscopic scale, a
soil can also be treated as continuum without regard to pores or pore shapes
so that a liquid can be considered to flow from point P to point Q along a
straight Tine at an effective velocity. Most of the technical information
that has been developed on the permeability of soils, particularly by
engineers, uses the model of macroscopic flow to describe the flow of a
liquid through soil.

Flow path-macroscopic scale

Flow path-microscopic scale

Figure 3-1. Flow pattern of 1liquid through a soil on macroscopic and
microscopic scale.
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Macroscopic flow through saturated porous media follows Darcy's law
which was determined experimentally by measuring the flow of water through a
saturated column of sand. Darcy's experiment is presented schematically in
Figure 3-2. The flow rate was found to be proportional to the difference in
hydraulic head divided by the length of the column, as is shown in the
following equation (Lambe and Whitman, 1969):

hi - h
0=k =—2 A=kiA , (3-2)
where
Q = the rate of flow,
k = a constant (Darcy's coefficient of permeability),
hy = the height above a reference level to which the water rose in a
standpipe inserted at the the entrance end of the filter bed,
hp = the height above a reference level to which the water rose in a
standpipe inserted at the exit end of the filter bed,
L = the length of sample,
A = the total inside cross-sectional area of the sample container, and
. _hy -hp : .
i= T the hydraulic gradient.

Q out

Figure 3-2. Darcy's experiment. (Based on Lambe and Whitman, 1969,
p 252).
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With most Tiquids in saturated soils, the flow follows Darcy's law;
however, in the case of waste liquids and contaminanted water, the flow can
deviate from the law due to interactions between the waste liquid and the
surface of the soil particles. These interactions become important in the
effect of escape of dissolved species through the FML component of a compo-
site liner on the underlying soil component, and also can be of concern in
the dikes that form the support for the liner system in waste facilities.

Dullien (1979), 1in his treatise on porous media, discusses permeation
through porous media in terms of interaction among three main factors,
i.e. transport phenomena, interfacial effects, and pore structure. He
presents highly pertinent information on the role of pore structure and
uses this information to interpret experimental results that have been
reported in the Titerature.

Dissolved chemical species, either organic or inorganic, not only can
permeate a soil advectively (i.e. the Tliquid acts as the carrier of the
chemical species), but also by diffusion in accordance with Fick's two laws
of diffussion; thus, in some cases, the chemical species can precede the flow
of the liquid carrier.

Daniel et al (1988) discuss the transport of inorganic components by
diffusion through compacted clay soils and present data showing that the
effective diffusion coefficient for anions diffusing through compacted clay
soils is about 2 x 10-9 m2/s and that breakthrough of dissolved species
can occur much sooner than predicted by models developed from the hydraulic
conductivity of the soil, the hydraulic gradient, and the effective porosity
of the soil. Daniel et al (1988) also show that cations tend to diffuse more
slowly due to ion-exchange and other reactions, and that the compaction and
water content have little influence on the diffusion coefficient. On the
other hand, they observed that subtle variations in geochemical factors can
cause significant changes in the rate of diffusion transport.

3.3.3 Permeation Through Nonporous Materials

In contrast to the porous soils and various admixes that have been
used as principal barriers to prevent the migration of mobile constituents
from waste containment units, FMLs are nonporous membranes. It should be
pointed out that FMLs are special types of synthetic membranes. All syn-
thetic membranes are not necessarily nonporous; many are in reality porous,
as they are manufactured with very small holes and are used as filters, as
desalinization membranes, and as membranes for chemical and biological
purification, dialysis, and reverse osmosis (Kesting, 1985). Membranes
that are used as FMLs are nonporous and are generally considered to be
homogeneous materials, though in some classifications they may be considered
nonhomogeneous due to additives, fillers, the crystalline content of semi-
crystalline FML compounds, and fabric reinforcement 1in manufactured sheet-
ing. Even though polymeric FMLs are manufactured as solid nonporous mate-
rials, they contain interstitial spaces between the polymeric molecules
through which small molecules or other chemical species can diffuse. Thus,
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all polymeric FMLs are permeable to a degree. The permeant, in this case,
migrates through the material on a molecular basis by an activated diffusion
process and not as a liquid which can flow through the pores of a soil and
carry dissolved chemical species, as is described in the previous subsection.
This transport process of chemical species through an FML involves three
steps:

= The solution or absorption of the permeant at the surface of the FML.
- Diffusion of the dissolved species through the FML.

- Evaporation or desorption of the permeant at the downstream surface of
the FML.

The driving force for this type of activated permeation process is the
"activity" or chemical potential of the permeant which is analogous to
mechanical potential and electrical potential. The chemical potential of
the permeant decreases continuously in the direction of the permeation, as
is shown in Figure 3-3, which schematically presents variations of permeant
chemical potential and concentration with distance through a membrane in
permeation in the steady state.

In the transmission of a permeant through a membrane, Step 1 depends
upon the solubility of the permeating species in the membrane and the rel-
ative chemical potential of the permeant on both sides of the interface.

In Step 2, the diffusion through the membrane involves a variety of
factors including size and shape of the molecules of the permeating species,
and the molecular characteristics and structure of the polymeric membrane
(Crank and Park, 1968). For example, the presence of fillers, crystalline
domains, and crosslinks tend to reduce diffusion rates by interfering with
molecular movement of the polymer chains. The presence of plasticizers or
the swelling of the membrane by solvents tends to increase the rates of
diffusion by opening up the molecular structure of the polymer. Higher
temperatures result in higher rates of diffusion due to increased molecular
motion of both the permeating species and the polymer in the FML.

A steady state of the flow of the constituents will be established
when, at every point within the FML, flow can be defined by Fick's first Taw
of diffusion:

Qi = - Di'j%i' . (3-3)
where
Qi = the mass flow of constituent "i" in g cm-2 sec-1,
Dj = Tocal diffusivity in cm? sec1,
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It should be noted that the concentration of constituent

the local concentration of constituent "i

in g em=3, and

the thickness of the FML in cm.

i" referred to in

Fick's law is within the mass of the FML. For gases, the mass units can be
expressed as volume units, e.g. cm3 at standard temperature and pressure.
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Figure 3-3. Schematic representation of the variation of permeant chemical

potential and concentration with distance through the thickness
of a membrane in permeation in the steady state. (a) Relation-
ship between chemical potential and distance; (b) and (c)
concentration-distance profiles commonly encountered when
the partition coefficient between membrane and solution differs
from unity; (d) chemical potential of the permeant is much less
in Solution 2 than in Soluton 1. The concentration gradients
within the FMLs assume pure Fickian diffusion with constant
diffusivity. (Based on Yasuda et al, 1968, p 796).
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Step 3 is similar to the first step and depends on the relative chemical
potential of the permeant on both sides of the interface at the downstream
membrane surface.

Chemical potential is an idealized concept which indicates the direction
in which the migration or permeation will go. It will always go from high to
low potential. To use concentration directly to replace chemical potential
requires the individual molecules of the permeating species to neither
interact with each other nor interact with the membrane they are permeating.
This condition approximately exists when a permanent or noncondensable gas,
such as oxygen, nitrogen, and helium, permeates a membrane. However, the in-
dividual molecules of organic species can interact with each other and with
the polymer to increase solubility of the species in the FML, and as a result
partition to the FML. This subject is discussed further in Chapter 5 with
respect to permeation of organics in dilute aqueous solutions through FMLs
(Section 5.4.1.7). If concentration and chemical potential are equal, then
the concentration of the constituent can be used directly to determine the
rate of permeation. The relationship between the concentration in phases
that contact each other and the chemical potential is determined by the
solubility parameters of the species and partitioning of the permeating
constituent between the fluid containing the permeant and the membrane, as
well as partitioning of the permeant between the membrane and the fluid on
the opposite side.

Concurrent with the absorption of volatile organic species by an FML and
their transmission through the FML, the FML can retain a portion of the
organics and swell and, in turn, become somewhat more permeable. Though
other compositional factors contribute, the extent to which an FML will
absorb a vapor or liquid depends largely on the near matching of the respec-
tive solubility parameters of the organic and the FML, as is discussed in
Chapter 4 (Section 4.2.2.4.3). Mass flow, Qj, of constituent "i" can also
be defined by the following equation:

0 = DiSiqe (3-0)
where
Q; = the mass flow of constituent "i" in g cm=2 sec-1,
D;j = local diffusivity in cm? sec-l,
S; = Henry's law constant of component "i" in sec? cm-2,
p = the vapor pressure of constituent "i" in g em=1 sec=2, and
x = the thickness of the FML in cm.
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When the solubility parameters of the membrane and the permeating constituent
are similar, it is likely that Henry's law constant also termed solubility
coefficient, S, and the diffusion coefficient, D, will be dependent on the
concentration of the permeating constituent throughout the FML as will the
permeability coefficient, P. An "integrated" permeability coefficient, P,
is often used as a convenient method of describing permeation between two
vapor pressures, as is shown in the equation:

- Qix
P, =’ -
s (3-5)

where

p1 = the vapor pressure of constituent "i" on Side 1 of the membrane,
and

p2 = the vapor pressure of constituent "i" on Side 2 of the membrane.

Film thickness may also change with the concentration due to swelling, but
the usual practice is to use the unswollen film thickness and incorporate all
corrections into the integrated permeability coefficient.

In steady-state permeation, permeants that cause swelling result in a
nonlinear concentration profile through the FML. Most of the resistance to
transport is localized on the outflow side of the FML. This situation is
analogous to permeation of composite membranes. In addition, if the swelling
results in the relaxation of stresses produced during membrane manufacture,
the permeability will change with the degree of swelling.

3.4 TRANSPORT PROCESSES AND DRIVING FORCES INVOLVED
IN THE MIGRATION OF CHEMICAL SPECIES

In a landfill, the mobile constituents (i.e. the liquids, gases, and
vapors) will move through the airspaces in the waste mass. The liquids which
contain dissolved constituents can move downwards by gravity and upwards
through channels by capillary wetting of solid particles. The gases and
vapors will move by diffusion through the available airspaces. Due to the
solubility of gases and vapors in liquids and the volatility of the liquids,
there are exchanges between the constituents, depending on such driving
forces as concentration, vapor pressure, and temperature. These latter
driving forces are all related to the chemical potential of individual
species. Though the temperature within a landfill tends to be reasonably
consistent, there are variations from the top to the bottom during the course
of a year, perhaps even a day. The flow of vapors and waste constituents
will be towards the lower temperature; thus, there will be a driving force
towards the bottom of a landfill for all liquids. Vapors (e.g. water vapor)
tend to condense on colder surfaces. Since relative humidity within a waste
will probably be 100%, moisture condensation may occur in the leachate
drainage and detection systems.
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Depending on the solid waste and the surface tension of the waste
liquids, there can be considerable movement in all directions via the wetting
of the solid particles. This wicking action is a possible means of raising
components from lower parts of a landfill to the top, where they can escape
to the atmosphere or, in the case of dissolved salts, form high concentra-
tions of salts on the top of the Tlandfill cover (Lutton, 1982; Bell and
Parry, 1984).

In the case of surface impoundments in which an aqueous phase predomi-
nates, constituents of the waste that exceed their solubility in the aqueous
phase may either rise to the top, as in the case of o0ils and low-specific
gravity materials, or collect on the bottom, as in the case of many halo-
genated solvents. Those that rise to the surface may interact with the
liner and cause swelling and damage; those that collect on the bottom may
contact the FML and similarly swell and damage the FML.

3.5 TRANSPORT OF WASTE CONSTITUENTS WITHIN A CLOSED LANDFILL

From the standpoint of the effects that a leachate may have on the
liner system of a closed landfill, it is necessary to know the path that the
different mobile waste constituents travel as they move through the landfill.
They can be absorbed by the various components of the liner system, the
leachate collection system, or the cover system, causing changes in the
properties of these components that may affect their ability to function as
designed.

Of particular importance is the possible increase that absorbed organics
would have on the permeability of the FML barrier. An increase would allow
organic chemical species to enter the leachate detection, collection, and
removal system more readily. Those organics that permeate through the FML
may then be absorbed from the vapor phase by drainage nets and other poly-
meric components of the system, causing these components to soften. As they
would be under load, they may lose their transmissivity and their designed
drainage quality. (The design of double liner systems is discussed in
Chapter 7).

In addition to the potential downward movement of these species toward
the liner system, volatile organics can move upwards toward the cover by
diffusion as can liquids, to some extent, by capillary action. Volatile
constituents may permeate through the FML in the cover system into the soil
where they could possibly adversely affect plant growth. They would then
migrate into the atmosphere. The use of an FML in covers should aid in the
control of escaping gases and vapors by improving collection efficiency and
reducing permeation Tosses as well as decreasing intrusion of waste into the
landfill.

3.6 ESCAPE OF CONSTITUENTS FROM WASTE STORAGE AND
DISPOSAL FACILITIES

Because polymeric materials are not totally impermeable (Haxo et al,
1988; Haxo, 1988), the performance goal of a liner system for a waste
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containment unit is to allow, for extended periods of time, no more than a
minimum escape of potentially polluting chemical species into the environ-
ment. This Tevel of escape should be below the level that would have any
adverse effects on human health and the environment.

In spite of the measures taken to prevent the escape of constituents
from a waste into the environment, small amounts can escape by diffusion
even from a closed, double-lined Tandfill. The magnitude of what does escape
can be affected to a certain extent by various hydrogeological and environ-
mental factors; for example, escape through the bottom liner can be affected
by the type of soil below the containment boundary and the proximity to
groundwater. The escape of volatile organics to the atmosphere from a closed
landfill can be affected by weather conditions; for example, the wind,
temperature, relative humidity, and rain. The rate of escape can be con-
trolled by venting systems in landfill covers which are designed to prevent
the accumulation of gases, particularly of methane in MSW landfills, and to
control their escape. Changes in barometric pressure can result not only
in the movement of air into a landfill, but also in the movement of gas and
vapor components out of a landfill. Variations in barometric pressure have
been found to affect the leachate levels in sump systems; decreased baro-
metric pressure has resulted in higher levels of leachate in a collection
sump (i.e. in a higher hydraulic head on the lining system), as is shown in
Figure 3-4 (Kirkham et al, 1986).
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Figure 3-4. Comparison of 1leachate Tlevels in a leachate collectior
sump to atmospheric pressure. (Source: Kirkham et al,
1986).
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In the case of surface impoundments, where the surface is exposed to the
atmosphere, volatile constituents can leave the impoundment and move into the
atmosphere, as is discussed by Thibodeaux et al (1984). This aspect has been
of concern due to potential air pollution. Various efforts have been made to
use FMLs as covers, such as those described by Kays (1986). Covers have been
used on reservoirs in the past to reduce evaporation of water. However, many
surface impoundments are used as evaporation ponds to reduce water content
prior to disposal or further treatment. Wastes containing liquids and solids
of high density and Tow solubility in water have been covered with water to
prevent escape of waste constituents into the atmosphere (Farmer et al,
1980). The transport of organic pollutants into the environment and multi-
media modeling techniques predicting their fate in the environment are
discussed by Cohen (1986).
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CHAPTER 4
FMLS AND OTHER CONSTRUCTION MATERIALS

4.1 INTRODUCTION

This chapter discusses various types of materials used in the con-
struction of lined containment facilities, particularly those for the
storage or disposal of wastes. These materials, which are used to fulfill
a variety of functions in the structure of such facilities, are listed in
Table 4-1 by their function. Depending on the service that may be required,
these materials may need to perform from a relatively few years, as in the
case of some storage units, up to 100 years or more, as in the case of some
landfills, and to function in such a manner that hazardous materials are
under control and do not migrate from the unit in an uncontrolled manner.

TABLE 4-1., MATERIALS USED IN THE CONSTRUCTION OF LINER AND LEACHATE CONTROL
SYSTEMS FOR WASTE STORAGE AND DISPOSAL FACILITIES AND THEIR FUNCTIONS@

Leachate
Soil drainage
Sepa- rein- Filtr- and
Material Barrier vration Support  forcement ation collectionb
FMLs P S coo n/a n/a n/a
Geotextiles n/a P ces P P P
Geogrids n/a S coe P n/a n/a
Geonets n/a S coe n/a n/a P
Composites PorsS PorS oo PorsS PorsS PorsS
Sand/gravel eese S coe .o S p
Concrete ces cee P cos ces S
Pipe cee ces  eee ces ces P
Soil PorsS oo P coo coe ees

ap = primary function; S = secondary function; n/a = not applicable.
bA1so part of the leak-detection system.
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Emphasis is placed on polymeric materials consisting of the FMLs, geo-
textiles, geogrids, geonets, geocomposites, and pipe. Discussion of soils
for liners or soils for membrane/soil liner composites is referenced largely
to the TRD on soil prepared by Research Triangle Institute (Goldman et al,
1985). Sands and gravels and concrete are discussed in Chapter 7 on design
and construction. Also discussed in this chapter are the admix liners and
sprayed-on FMLs.

Preliminary to the discussion of polymeric components that are used in
the construction of 1liner and leachate control systems, the basic charac-
teristics of polymers that are common to polymeric products are discussed
with particular reference to those properties that are of importance in the
performance of the component in service. These include such characteristics
as composition, the effect of temperature on properties, the creep and
relationship of polymers under mechanical stress, the effect of multiaxial
straining, permeability to gases, water, and organic liquids, the sensitivity
to organic liquids, stress cracking and fatigue under stress, long-term
durability of polymers in waste containment environments, and the importance
of considering the combination of properties in the evaluation of polymeric
materials. The components of liner systems are discussed individually.

The following subjects are discussed with respect to FMLs:

The polymers used in currently available FMLs.
-~ The manufacturing processes.
- The fabrication and seaming of FMLs into liners.

- The properties of importance to liner performance in service, such
as permeability, mechanical properties, chemical resistance, and
durability.

- Testing and evaluation of FMLs in the laboratory with respect to
analytical properties, physical and mechanical properties, permeabil-
ity, environmental effects, performance testing, and fingerprinting.

The geotextiles, geogrids, geonets, geocomposites, and pipe are also discus-
sed individually with regard to their respective compositions, manufacture,
testing, and long-term durability.

Admix Tiner materials and sprayed on FMLs are described with respect to
types, compositions, properties, and installation.

Information and data are included in this chapter, as well as the
succeeding chapters, on a wide range of materials which have been used for
the lining of containment and conveyance facilities, but are not currently
used in the 1lining of containment facilities for hazardous wastes. The
information on these materials should be useful for general consideration in
many containment applications. A broad range of information on properties is
included which may be useful in the selection and design of new materials and
components.
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4.2 POLYMERIC MATERIALS

Several of the products used in the construction of liner systems for
waste storage containment units are based on polymeric materials. The use of
polymeric products in civil-engineering applications has increased impres-
sively over the past decade, particularly in the design and construction of
waste management facilities. These products include various rubber and
plastic membranes that have very low permeability to gases, vapors, and
liquids, woven and nonwoven textiles that have various degrees of permea-
bility, various special open constructions designed for high permeability and
liquid flow, and plastic pipes.

Of particular importance is the wide range of functions that polymeric
products perform in Tliner systems for hazardous waste containment units.
These products are based on a wide range of polymers including rubbers
(elastomers), plastics, fibers, and resins. With this great diversity in
materials and products, an array of tests must be performed on the materials
and the products to assess their quality and ability to perform in a specific
application. For hazardous waste containment applications thorough testing
and evaluation of candidate materials are necessary, even when a material of
a given generic polymer type may be the material of choice. This reflects
the differences that exist in the grades of polymers and additives used in
FMLs, in other geosynthetics, and in plastic pipe.

Each construction material in a liner system requires testing and
evaluation in terms of the specific facility and' environmental condition in
which it is designed to perform. Thus, if a material will probably be
exposed to a waste liquid or its vapors, it must be compatible with that
particular waste stream and be able to maintain its properties over extended
periods of time. Similarly, if the material is to be subjected to loads and
to elevated temperatures, it must be able to function as required without
failure.

The following polymeric materials of construction are being used or
being suggested for use in liner systems (EPA, 1985):

FMLs--To provide a barrier between hazardous substances and mobile
polluting substances and the groundwater; in the closing of landfills,
to provide a low-permeability cover barrier to prevent intrusion of rain
water.

Geotextiles~-To provide separation between solid wastes and the drainage
and Teachate collection system or between the membrane and cover or
embankment soils; to reinforce the membrane against puncture from the
subgrade or the waste that is placed above it; to provide drainage,
such as in Tleachate collection and leak-detection systems; to provide
filtration around drainage pipes.

Geogrids--To provide reinforcement of soils on side slopes and embank-
ments.
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Geonets--To provide drainage above and between liners.

Plastic Pipes--To provide drainage in leachate collection and removal
systems and in leak-detection systems. Pipe is also used in the con-
struction of monitoring ports, manholes, and system cleanouts.

This section reviews some of the basic characteristics of the polymeric
materials and products that are used in the construction of systems and in-
dicates the effects of these characteristics on field performance.

4.2.1 Basic Characteristics of Polymeric Materials

A1l of the materials discussed in this section are based on polymers,
which are products of the chemical, plastics, rubber, and fiber industries.
From the viewpoint of composition, an almost infinite range of polymeric
materials can be produced, though only a small fraction is used in the
manufacture of geosynthetics and pipe. The polymeric materials used in the
manufacture of the FMLs and the ancillary construction materials are listed
in Table 4-2. Polymers within a given type can vary in grade and by the
process by which they were produced. In addition, differences between
materials based on the same polymers are introduced by the product manu-
facturers through compounding with various ingredients designed to enhance or
develop specific characteristics. Knowledge about the composition of a
material used in the construction of a waste management facility can be
important when dealing with hazardous substances and waste liquids containing
organics.

Four general types of polymeric materials are used in the manufacture of
these materials:

Thermoplastics and resins, such as PVC and EVA.

Crosslinked elastomers, such as neoprene and EPDM.

Semicrystalline plastics, such as polyethylenes.

Highly crystalline, oriented polymers, such as polypropylene and
polyester fibers.

In designing containment facilities and designing the tests needed to assess
important design properties, recognition must be given to basic character-
istics of polymeric compositions. As polymeric materials differ in some
properties from many of the traditional materials used in construction,
some of the important features and characteristics of the polymers used in
products for the construction of liner systems are briefly discussed.
General discussions of some of the basic characteristics of polymers can be
found in Moore and Kline (1984), Rosen (1982), and the Modern Plastics
Encyclopedia (1980-81).
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TABLE 4-2. POLYMERS USED IN THE MANUFACTURE OF MAJOR PRODUCTS FOR
THE CONSTRUCTION OF WASTE MANAGEMENT FACILITIES

Product
Geogrids
Geo- and Plastic
Polymer Type FMLs textiles geonets pipe
Butyl rubber (IIR) Rubber X ces ces ces
Chlorinated polyethylene
(CPE) Rubber X vee ceo ces
Chlorosulfonated poly-
ethylene (CSPE) Rubber X cee ces ces
Ethylene propylene rubber
(EPDM) Rubber X cee ces ces
Ethylene vinyl acetate
(EVA) Resin X ces ces cos
Neoprene [chloroprene
rubber (CR)] Rubber X ces ces ces
Polyamide [nylon (PA)] Fiber/resin Xxa X ces ces
Polybutylene (PB) Resin X ces ces X
Polyester terphthalate
(PET) Fiber/resin Xxa X X cee
Polyester elastomer
(PEL) Resin/rubber X ces cos cos
Polyethylene (PE):
Linear low-density
(LLDPE) Resin X cee cee cee
High-density
(HDPE) Resin X X X X
Polypropylene (PP) Resin X X X ces
Polyurethane (PU) Resin/rubber X ces cee cee
Polyvinyl chloride (PVC):
Plasticized Resin X ces ces cee
Unplasticized Resin cee . cse X

dUsed as reinforcing fabric in FMLs.
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4,2.1.1 Composition and Structure of Polymers--

The polymers that are used 1in the polymeric construction materials
discussed in this chapter are synthetic, i.e. they are manufactured by the
process of polymerization. In this process a polymer molecule is prepared
by a reaction of 100 or more small basic molecular units or monomers, e.g.
ethylene, to form long chains which vary in Tength from a few hundred to
thousands of repeating units. The chains are held together by primary bonds
between the atoms in a chain. Some polymerization processes lead to highly
linear molecules, i.e. each monomer enters the molecule in an ordered form,
head to tail; in other processes the randomness of the process results
in branched chains, such as in low-density polyethylene and many synthetic
rubbers. During polymerization the Tength and size of the individual chains
varies to yield a distribution in molecular weight from a few hundred to
thousands, as is shown in Figure 4-1. Depending on polymerization conditions
and the process, polymerization can yield different distributions from rel-
atively broad distributions to comparatively narrow distributions. Vari-
ations in molecular weight distribution can affect both processing and
ultimate physical properties of the polymer. The distribution of the monomer
units along the chain, however, can be highly ordered, such as in HDPE, or
random, such as in LDPE and some of the fibers. Where the monomer arrange-
ment 1is random, the polymer will be amorphous, as is shown schematically in
Figure 4-2. Where the arrangement of the basic repeating units is highly
ordered, portions of the long molecules can fit together to form crystalline
domains and thus the polymers are semicrystalline, as is also shown sche-
matically in Figure 4-2. By stretching the mass of a semicrystalline
polymer, the crystallites become oriented, such as are found in fibers.
Oriented crystallites are shown schematically in Figure 4-2.

Number Average

Weight Average

Weight of Polymer in Size Interval

Length of Chain

Figure 4-1. Distribution of molecular weights in a
high polymer.
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Figure 4-2, Schematics of polymer structures.

These molecular structures are thermoplastic, i.e. at elevated temper-
atures the crystals can melt and become amorphous. Also, increasing temper-
ature will cause softening of the three structures. The secondary forces,
that is the forces between the Tlarge molecules, determine the temperature
range at which the molecules form resins or rubbers. When the forces are
smaller, the molecules act independently to yield an elastic rubber material;
when the forces are greater, the material becomes hard and resinous at room
temperature, although at higher temperatures it will soften and become
elastic (Rosen, 1982).

Amorphous polymers, such as rubbers, can be changed chemically and
physically by tying the individual polymer molecules together with primary
bonds to form, in essence, one large molecule. This process of bonding
polymer molecules together is crosslinking or vulcanization; in vulcanization,
sulfur crosslinks are formed between the individual larger polymer molecules
of rubber. A crosslinked mass becomes insoluble in solvents and less sus-
ceptible to changes in properties with changes in temperature.

4,2.1.2 Polymers Vary in Modulus and in Elongation at Break--

Polymeric materials range from soft foam-like materials to high modulus
structural materials. Polymeric materials that are used in waste management
facilities are intermediate in modulus or stiffness. However, their uniaxial
elongation at break ranges from 15% to as much as 1000%. Both properties are
important considerations 1in designing storage and disposal facilities for
wastes and hazardous substances, particularly for the Tiner system.
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4,2.1.3 Polymers are Viscoelastic and Sensitive to
Temperature and Rate of Deformation--

A1l polymeric compositions are viscoelastic; that is, when undergoing a
deformation they show, in varying degrees, both viscous and elastic behavior.
The elastic component behaves like a metal spring and is independent of rate
of deformation and essentially independent of temperature. The viscous
component behaves 1ike a dashpot used in damping a shock and is highly
dependent upon the rate of deformation and upon temperature. Three different
sample models showing different combinations of springs and dashpots for
viscoelastic materials are shown in Figure 4-3. Rubbers, such as natural
rubber and some polyurethanes, tend to have highly elastic components,
whereas many of the plastics have highly viscous components. In performing
tests in extension or compression and in service, the temperature and rate of
deformation that the polymeric material encounters becomes important.

Dashpot-1
] Spring-1
Spring 4
Spring H Dashpot .
SpAng l;t:l Dashpot
2
Dashpot ' 1
Maxwe!l Model Voigt-Kelvin Comblination

Model

Figure 4-3. Models of viscoelastic materials showing different arrangements
of springs (elastic component) and dashpots (viscous component).

Most of the polymers used in the manufacture of the products discussed
in this section can vary greatly in properties with temperature, even within
the temperature range [-40° to 80°C (176°F)] in which waste containment
facilities may operate. At low temperatures some polymers become glassy and
brittle and at elevated temperatures the thermoplastic polymers become soft
and plastic. These characteristics greatly affect the applications in which
a given polymer can be used. The effect of temperature on polymer properties
is discussed more fully later in this chapter.
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Due to the viscous component of polymeric compositions, the speed at
which they are deformed greatly affects the magnitude of the values that are
obtained, e.g. tensile or tear values. Modulus or stiffness values generally
increase considerably with speed of deformation. The effect on tensile
strength and elongation at break values varies with the polymer. In the case
of semicrystalline materials, such as the PEs, high-speed testing will not
allow time for crystals to align themselves during the test, thus resulting
in lower tensile at break values than those obtained at lower speeds. In
service environments deformation rates can range from rapid impacts to long-
term creep.

4,2.1.4 Amorphous and Crystalline Phases in Semicrystalline
Polymers--

Semicrystalline polymers, such as polyethylene and polyester elastomers,
contain two basic phases:

- An amorphous phase in which the molecular structure is random,
such as in a rubber.

- A crystalline phase in which the molecular structure is highly
ordered.

The crystalline phase imparts stiffness to the polymer and resists the
absorption of organic species; the amorphous phase is softer and can absorb
and transmit organics. Deformation of a semicrystalline polymer results over
time in molecular rearrangement in the crystalline phase. Excessive defor-
mation results in yielding or drawing of the polymer and orientation of the
crystalline phase in the direction of deformation with increases in tensile
strength in that direction such as occurs in drawing fibers to produce high
tensile strength. At the same time the tensile strength in the direction
perpendicular to the deformation can drop substantially.

4.2.1.5 Polymers Tend to Creep and to Relax in Stress--

Compared with more traditional materials of construction, such as steel,
concrete, and wood, polymeric materials have a relatively high tendency to
creep, that 1is, to increase in length or change dimensions under constant
load or to relax in stress when placed in constant strain. Creep is il-
lustrated schematically in Figure 4-4 for a four-parameter model in exten-
sion. During creep the molecules slip to new positions from which they do
not recover, which results in a permanent set. This characteristic of creep
is important to long-term exposure such as would be encountered by all
components in a liner system. For example, an FML placed on an uneven
surface will tend to deform and be strained in accommodating the irregular-
ities of the surface. In-place drainage nets and pipes are under constant
load and an FML placed over a protrusion is under constant stress.

Relaxation of stress under constant strain can also occur in liner

systems to relieve stress that may have been introduced in a component during
construction. The relaxation of stress can cause loss of seal in a gasket.
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The absorption of organics can soften the polymer and aggravate these
tendencies.

29
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Figure 4-4, Strain response or creep of the combination four-parameter
model (Figure 4-3) of a viscoelastic polymeric compound to an
applied stress and its removal is shown as a function of time
by the solid curve. The contributions of the individual four
components of the model to the overall strain are shown in-
dividually by the dotted curves.

4,2.1.6 High Coefficient of Linear Thermal Expansion--

Polymeric materials have thermal coefficients approximately 5-10 times
greater than those of metals and concrete, as is shown in Table 4-3. Having
thermal coefficients in this range can be important in the performance of
materials that are exposed to temperature changes. For the more rubber-like
FMLs, changes in dimension with temperature are not a major problem; however,
for stiffer FMLs, such as the polyethylenes, changes in temperature can cause
considerable deformation, buckling, and flexing of a liner when exposed to
normal weather and high stress in a Tiner placed without sufficient slack in
hot weather when exposed to cold weather.

4,2.1.7 Importance of Thermal and Strain History--

Polymeric materials tend to have "memory," that is, the deformation
during processing and forming into sheets leaves "frozen" residual strain in
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many polymers. This results in a "grain" effect which can lead to different
property values in different directions of test; consequently, tensile and
tear testing should be performed in both machine and transverse directions.
Residual strain in extruded sheeting can cause shrinkage in the machine
direction and expansion in the transverse direction when the sheeting is
warmed. In the manufacture of synthetic fibers, the polymer filament is
drawn from spinnerets as it is being formed from a melt. This process
orients the crystalline domains as they are forming to yield high strength in
the fiber direction. On heating the fiber above the melting point of the
crystals, the fiber will shrink and partially return to its original length.

TABLE 4-3. COMPARISON OF THE COEFFICIENT OF LINEAR THERMAL
EXPANSION OF POLYMERIC COMPOSITIONS WITH OTHER CONSTRUCTION MATERIALS

Coefficient of

Temperature, linear expansion
Material °C (cm/cm/°C x 10-6)
Polymeric compositions:

Polybutylene ces 125-140
Polystyrene 20-25 70-80
Polypropylene 20-25 81-100
Polyester terphthalate ces 65
Low-density polyethylene 20-25 100-220
Medium-density polyethylene cee 140-160
High-density polyethylene ces 110-130
Polyethylene/vinyl acetate ces 160-200
Natural rubber 17-25 77.0
Nylon 6 ces 80-83
Polyvinyl chloride:

Rigid cee 50-100

Flexible cos 70-250

Nonpolymeric materials:

Aluminum 40 23.13
Steel 40 13.22
Concrete ces 10-14
Glass coe 10

Sources: Lange, 1972; Moore and Kline, 1984; Modern Plastics
Encyclopedia, 1980-81.

4,2.1.8 Multiaxial Straining of Polymer Materials--
In actual service the components of a liner system are strained multi-

axially because stress is simultaneously applied to the component in two or
more directions. This multiaxial straining reflects the irregularities in
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the surface on which the component is placed, the uneven loads that are ap-
plied, and the irregular shapes of the components. This 1is in contrast to
the, uniaxial straining encountered in laboratory tests, e.g. tensile tests,
which are normally used for specitfication and quality control purposes in
assessing lots or batches of the polymeric component. A unaxial test, such
as normally used in measuring tensile properties, generally gives unreal-
istically high elongations at break compared with those encountered in
service for many of the polymeric materials, particularly those that yield or
draw on extension, such as the PE FMLs. In biaxial and multiaxial tests,
the materials that are extended in one direction have considerably lower
elongations and tensile values in the transverse direction as they break or
split at the much lower elongation in that direction. Multiaxial straining
is discussed more fully in Section 4.2.2.4.2.

4.2.1.9 Broad Range of Permeability--

The permeability of the polymeric sheetings to various gases and vapors
can vary over several orders of magnitude. Generally, the presence of plas-
ticizers in the compound increases permeability and the presence of crystal-
line structure reduces permeability. Also of importance is the relationship
between the solubility characteristics of the permeant and the polymer; the
more soluble the permeant is in the FML, the higher the probability of
permeation. The permeability of polymeric FMLs is discussed more fully later
in this chapter.

4,2.1.10 Polymers are Sensitive to QOrganic Liquids and Vapors--

As the polymeric compositions used in liner systems are organic in
nature, they are sensitive to organics, which they can absorb from waste
liquids and vapors. They can swell or, if they contain soluble fractions,
can be leached and shrink. In either case, depending on the material several
properties (e.g. tensile strength, modulus, permeability) of the composition
can simultaneously change and the performance characteristics can be altered.
The sensitivity of polymers to organics indicates the need for compatibility
testing, which is discussed in Chapter 5.

4,2.1.11 Resistance to Stress-Cracking and Static Fatigue--

Polymeric materials, as with many other materials, are subject to
loss of strength and to fracture when under mechanical stress for extended
periods of time. Some semicrystalline polymeric compositions, e.g PE and
PEL, when placed under stress in chemical environments in which the surface
of some grades of a material is affected by a chemical species present, can
crack or craze in moderately short times. Thus, the resistance of FMLs of
semicrystalline polymers that might be used in contact with waste 1liquids
over long periods of time should be assessed along with that of the seams of
the FMLs. Environmental stress-cracking (ESC) resistance is discussed in
greater detail in Section 4.2.2.5.4 which is concerned with tests to measure
the effects of environmental exposure. The subject of stress-cracking
resistance and methods of assessing this property testing are presented by
Howard (1964).
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4,2.1.12 Effects of Long-Term Exposure--

In the development of polymeric compositions for construction materials,
long service life under adverse environments was a major objective in their
selection, design, and formulation. With proper protection through the use
of stabilizers, antioxidants, and other antidegradants, polymers used in the
manufacture of FMLs, geosynthetics, and pipe can be highly resistant to
degradation and sustain essentially no adverse change in molecular structure
when exposed underground and in normal weather. Nevertheless, polymeric
compositions are still subject to loss in properties due to swelling by
water and organic solvents which separate the polymer molecules and reduce
strength and increase permeability. Generally, however, molecular structure
of a polymer remains essentially undamaged by swelling alone, as is shown by
the return to its original properties when the swellant is removed, though
some polymers may interact with the waste.

Polymer molecules in polymeric compositions have been found to be highly
resistant to biodegradation, though some compounding ingredients used in
their formulation, such as some plasticizers, may be biodegradable. Current
technology in the manufacture of polymeric FMLs include the use of biocides
which have proven to be effective in inhibiting or eliminating biodegradation
of plasticizers. If not protected by a biocide, biodegradation may result in
adverse changes in the properties of the composition. The use of many of the
polymeric construction materials in environments that have a high potential
for microbial activity, e.g. MSW landfills, is of major concern to engineers
in designing structures that call for extended service lives, e.g. 40 to 100
years. The presence of microbial action has been found to have no effect on
many synthetic polymer molecules over long periods of time. The nonbiode-
gradability of polymers, such as polyethylene, has been further demonstrated
by the fact that these same synthetic polymers used in packaging have created
problems in disposal as they do not degrade and become part of the biomass by
natural processes. Considerable research effort has been devoted to develop-
ing methods of degrading these materials by microbial activity.

Research and testing have indicated that, under conditions in which the
antioxidants have been removed, thin polymeric films subjected to soil-burial
have shown indication of degradation through loss in tensile strength. 1In a
series of tests performed by Colin et al (1981) on soil-burial of extracted
1-mi1 film, the sensitivity to biodegradation increased from polyester and
polypropylene to low- and high-density polyethylenes to Nylon 66. The
authors point out that the results did not eliminate the possible presence
of residual antioxidants in the polypropylene or efficient oxidation in-
hibitors in the polyethylenes. Albertsson (1978) has shown that pulverized
antioxidant-free polyethylene compositions placed in nutrient media have
shown indications of oxidative degradation.

A review of the literature with respect to biodegradation of synthetic

polymers and the development of biodegradable polymers (Potts, 1978; Schna-
bel, 1981; Kumar et al, 1983) indicates the following generalizations which
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account for the high resistance to biodegradation and biodeterioration of the
polymers and polymeric materials that are discussed in this chapter:

Carbon-chain polymers, such as PE, PP, and PVC, are particularly
resistant to biodegradation. Nylon, with nitrogen in the chain, has
been found to be biodegradable under certain circumstances.

The susceptibility of a polymer to biodegradation decreases with
increasing molecular weight. The polymers used in the manufacture
of geosynthetics and pipe have molecular weights in the thousands;
consequently, they are beyond the range of the polymers that can be
assimilated and metabolized by enzymes and microorganisms. Ethylene
oligomers (low molecular weight polymers) up to 32 carbons in length
can be absorbed and metabolized by microbes, but higher molecular
weight PEs cannot be either absorbed or metabolized.

Microorganisms appear to attack polymer chain ends, which are inac-
cessible in the mass of a polymeric composition, particularly in
those polymers that are semicrystalline. Orientation of semicrystal-
line polymers into fibers makes the ends more inaccessible and in-
creases resistance to biodegradation.

Polymers are 1insoluble in water which makes them inaccessible to
water-borne enzyme systems.

The state of subdivision is an important factor in the biodegradation
of polymers. Reduced surface area reduces the accessibility of the
polymers to microorganisms, such as in the case of FMLs or pipe.

The susceptibility of polymers to biodegradation is reduced or in-
hibited by molecular chain branching.

Biodegradation processes are retarded or inhibited by a variety of
additives, such as antioxidants.

Exposed groups on the surface, e.g. chlorine, can be attacked but
not similar groups below the surface of the polymer product.

The rates of biodegradation depend greatly on environmental condi-
tions, many of which probably do not exist in the environment of
FMLs and other components in service. For instance, it has also
been found that, in the absence of oxygen, even among natural bio-
degradable polymers, there has been Tittle or no degradation.

The service life in landfill environments of FMLs and other synthetic
polymeric materials of construction used in Tiner systems was the subject
of discussion of a panel of polymer experts held by the EPA (Haxo and Haxo,

1988).
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The panel reviewed potential degradation of polymeric materials by
such means as thermal degradation (i.e. heat), photodegradation (i.e. light,
particularly UV Tlight), high energy radiation, biodegradation, chemical
degradation, and mechanical stress with particular reference to environmental
conditions under which polymeric components of lining systems would function.

A1l types of polymers used in the manufacture of components for liner
systems were considered. Polyethylene compositions, which are used to manu-
facture FMLs, geonets, geotextiles, and pipe, were often emphasized in the
discussion because of their wide use in these products.

Some of the principal conclusicens drawn from the information available
to the panel were:

~ The basic conditions to which polymeric FMLs and other components of a
liner system are exposed in both MSW and hazardous waste landfills
include comparatively low ambient temperatures, lack of light, mois-
ture, aerobic and anaerobic atmospheres depending on the component of
the liner system and the location within the fill, and Tow concentra-
tions of dissolved constituents. In limited situations, higher
temperatures (e.g. 90°C) in some radioactive wastes, are encountered.
Thus, polymeric materials placed in service in liner systems do not
generally encounter the types of conditions that are normally con-
sidered to cause degradation of the base polymeric resins.

- The particular polymers used in the manufacture of products for the
construction of landfill liner systems will not degrade in the en-
vironments they will encounter in landfills because of the lack of
highly aggressive conditions that would cause degradation. These
polymers include the polyethylenes, modified olefinic polymers, and
some polyesters.

- The polymers under discussion and first-grade compounds of these
polymers should maintain their integrity in landfill environments
for considerable lengths of time, probably in terms of 100's of years.
Nevertheless, when these polymers or compounds are used in products
such as FMLs, drainage nets, geotextiles, and pipe, they are subject
to mechanical and combined mechanical and chemical stresses which may
cause deterioration of some of the important properties of these
polymeric products in shorter times.

4.2.1.13 Combinations of Properties in Polymeric Compositions--

A given polymer will tend to have a distinct pattern of mechanical,
chemical, and aging properties which can, within Tlimits, be modified by
compounding. Assessing materials based upon a single property, such as
tensile strength, can lead to an inadequate selection of a material for
a given application because of changes in the values for other unmeasured
important properties, such as chemical resistance. Also, the effects on
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different properties of the polymeric composition to aging and exposure can
differ greatly. For this reason, a group of properties of a polymeric
material are usuaily measured and the resulting property values are reviewed
as a group before a selection is made.

4.2.2 Polymeric Flexible Membrane Liners (FMLs)

The first polymeric FMLs were based on butyl rubber (Lauritzen and
Peterson, 1953); since then, a wide variety of FMLs based on different poly-
mers have become available. Sheetings are produced by calendering, extru-
sion, or spread-coating processes. Sheetings made by calendering are some-
times fabric reinforced to improve tear strength and dimensional stability
during installation. Sheetings made by spread-coating are fabric reinforced.
Many polymeric FMLs are produced in relatively narrow sheetings that are
seamed in the factory to make large panels which are transported to a con-
struction site, where they are seamed to form the liner. Some of the FMLs
made by extrusion processes are prepared in width up to 33 ft, which can be
brought in rolls to the field for installation.

The following steps are involved in the manufacture of polymeric FMLs
through installation in the field:

Production of the basic polymer or polymers.

Compounding of the polymer.,

Manufacture of the sheeting.

Fabrication of narrow sheeting into panels.

Installation in the field of panels or rolls of sheeting to form the
Tiner.

An individual organization may perform one or more of these steps, depending
on the material and the company. Figure 4-5 illustrates the structure of the
FML industry. Appendix C presents a representative list of organizations
and personnel in the individual segments of the industry.

This section discusses various aspects of the technology of poly-
meric FMLs, particularly with respect to their use as lining materials for
waste storage and disposal facilities. The different types of polymers used
to manufacture all currently available FMLs are described and discussed.
Polymers that have been used and are currently in service are described in
Appendix C which includes information on various polymers used to manufacture
the FMLs and membranes that were studied in the work reported in this docu-
ment. Some of these were developmental materials. The processes used in
the manufacture of polymeric FMLs are briefly described and illustrated.
Critical steps involved in Tliner installation, such as field seaming of the
membranes, are also described. The principal properties of FMLs essential to
their function as a lining material are discussed. The methods of assessing
polymeric membranes for lining waste storage and disposal facilities are then
discussed.
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Basic structure of the polymeric FML industry from raw material
producers to liner installers. A representative list of or-
ganizations and personnel in the individual segments of the

industry is presented in Appendix B.

Figure 4-5.
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4.2.2.1 Polymers Used in Currently Available Polymeric FMLs--

A wide range of polymeric FMLs have been used to line waste storage
and disposal facilities. For a variety of reasons, both economic and techn-
ical, a number of the FMLs have been discontinued and are no Tonger avail-
able. The polymers described in this section are those that are used in
currently available FMLs; the remainder are described and discussed in Ap-
pendix C. Each of these materials has a history of use for lining contain-
ment and conveyance facilities. Table 4-4 lists the different types of pol-
ymers that have been used in the manufacture of FMLs, and indicates whether a
given polymer was used in vulcanized or unvulcanized form, and whether or not
FMLs based on the given polymer were manufactured with fabric reinforcement.
Those polymers that are discussed in Appendix C are indicated.

TABLE 4-4. POLYMERS USED IN MANUFACTURE OF FMLS

Type of compound

used in FMLs Fabric
Thermo-  Cross-  reinforcement
Polymer plastic linked With Without
Butyl rubber (polyisobutylene-

isoprene rubber-IIR)a No Yes Yes Yes
Chlorinated polyethylene (CPE) Yes Yes Yes Yes
Chlorosulfonated polyethylene (CSPE) Yesb Yes Yes Yes
Elasticized polyolefin (ELPO)2 Yes No No Yes
Elasticized polyvinyl chloride (PVC-E) Yes No Yes No
Epichlorohydrin rubber (CO, ECO)@ Yes Yes Yes Yes
Ethylene propylene rubber (EPDM)2 Yes Yes Yes Yes
Neoprene (chloroprene rubber-CR)@ No Yes Yes Yes
Nitrile rubber (NBR)Q Yes -—- Yes -—
Polyester elastomer (PEL) Yes No Yes Yes
Polyethylene (PE) Yes No No Yes
Polyvinyl chloride (PVC) Yes No Yes Yes

aFMLs based on these polymers are not currently available. These
polymers discussed in Appendix C.

bMade and used as a thermoplastic but contains a small amount of curative
which crosslinks the compound during exposure.
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The physical and chemical properties of polymeric FMLs vary consider-
ably, as do methods of installation and seaming, costs, and interaction with
different wastes. The composition and properties of FMLs of a given generic
polymer type can differ considerably, depending on the compound formulation.
Polymers are rarely used alone in a product; whether used singly or in
blends, they are usually compounded with a variety of ingredients (e.g.
fillers, plasticizers or oils, antidegradants, and curatives) to improve
either selected properties or the balance of properties depending on end-use
and to reduce compound cost. Properties of a polymeric FML also depends on
its construction e.g. its thickness, whether or not it is fabric reinforced,
the type of fabric reinforcement used, and the number of plies. Because the
grade and source of polymers of a given generic type vary, differences
between FMLs also arise from the polymer itself. Successful use of a polymer
in some environments may require specific compounding.

Most compounds used in the manufacture of lining materials are based on
one polymer; however, to improve specific properties of a compound, two or
more polymers are at times blended or "alloyed." Consequently, generic
classifications of lining materials based on individual polymers are some-
times difficult to make, even when one polymer predominates in a compound.
Most polymeric FMLs are now based on uncrosslinked compounds and, therefore,
are thermoplastic. This is true even for membranes that use crosslinkable
polymers such as CPE and CSPE, which become more chemically resistant by
crosslinking., Thermoplastic FMLs have become preferred because they are
easier to seam and repair effectively during installation in the field.
Thermoplastic FMLs can be seamed by various heat sealing or welding methods.
If they are noncrystalline, they can be seamed with various adhesives and
neat solvents or "bodied" solvents (a solvent containing dissolved Tiner
compound to increase the viscosity and reduce its rate of evaporation).

In the following subsections each polymer is discussed with respect to
composition, general properties and characteristics, general use, and use in
membranes. Whenever appropriate, an indication is made of the use of a given
polymer in blends with other polymers compounded specifically for 1lining
purposes.

4,2.2.1.1 Chlorinated polyethylene--Chlorinated polyethylenes (CPE)
form a family of polymers produced by chlorinating high-density polyethylene.
They contain 25-45% chlorine and 0-25% crystallinity. CPE can be crosslinked
but, in liner compositions, it is generally used as a thermoplastic and is
compounded with either oil or plasticizer, and with such fillers as carbon
black and various fine inorganic powders. CPE is often blended with other
polymers, but to be classified as a CPE FML, at least half the polymer
content must be CPE. Polyvinyl chloride (PVC) or chlorosulfonated poly-
ethylene (CSPE) is sometimes added to a CPE compound to improve its tensile
and thermal properties.
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Because CPE is a completely saturated polymer (it has no double bonds,
-C=C-, in the polymer chain which are points of chemical attack), most CPE
compositions resist weathering well on outdoor exposure and are not sus-
ceptible to ozone cracking. CPE FMLs can be formulated to withstand in-
termittent contact with aliphatic hydrocarbons and o0ils, but continuous
exposure to aromatics shortens the service Tife of this liner material. In
most cases, CPE liners are not recommended for containment of aromatic
liquids (Dow Chemical Company, 1977).

CPE can be "alloyed" in minor amounts with PVC, PE, and numerous syn-
thetic rubbers. It 1is blended in minor amounts with ethylene polymers to
soften them and to improve their resistance to environmental stress-cracking,
and with flexible polyvinyl chloride to improve cold crack resistance.

CPE FMLs are available in both unreinforced and fabric-reinforced
versions of different thicknesses. Because CPE FMLs are generally not cross-
linked, they can be seamed by bodied-solvent adhesives, solvent-welding, or
heat sealing by air-heat guns, hot wedge welders, or dielectric means.

4,2.2.1.2 Chlorosulfonated polyethylene--Chlorosulfonated polyethylenes
(CSPE) form a family of saturated polymers (no double bonds in the polymer
chain) prepared by treating polyethylene (in solution) with a mixture of
chiorine and sulfur dioxide. Available CSPE polymers contain from 25-43%
chlorine and from 1.0-1.4% sulfur. The CSPE most commonly used in membrane
liner manufacture contains 25% chlorine and 1.0% sulfur. Membranes are
supplied primarily in the thermoplastic (uncrosslinked) form; however, they
contain a minor amount of metal oxide which causes the compound to crosslink
in the presence of moisture. Two versions of CSPE sheetings are available:
(1) a "potable" grade which contains magnesium oxide, and (2) an "industrial"
grade which contains a lead oxide or other lead compounds. Both oxides are
crosslinking agents, but the lead oxide imparts a faster and tighter cure to
the CSPE than does the magnesium oxide. Of the two grades, the industrial
grade swells less on contact with industrial wastes. The FML compound of
both grades generally contains at least 45% of CSPE polymer by weight.

When properly formulated, CSPE compositions are characterized by ozone
resistance, light stability, heat resistance, good weatherability, and
resistance to deterioration by such corrosive chemicals as acid and alkalies
(DuPont, 1979). CSPE compositions have good resistance to growth of mold,
mildew, fungus, and bacteria, but only moderate resistance to oils and many
organic chemicals.

CSPE FMLs are almost exclusively manufactured with fabric reinforcement.
Though some of the early CSPE FMLs were reinforced with nylon fabric, CSPE
FMLs are reinforced now with polyester fabrics. Of these fabrics 10 x 10
scrim predominates, but 8 x 8 and 6 x 6 types have also been used. Fabric
reinforcement improves dimensional stability and gives needed tear strength
to the sheeting for its installation and use on slopes; fabric also reduces
distortion of the sheeting by shrinkage whenever it is exposed to the sun.
Unreinforced CSPE FMLs have low tensile strength and tend to soften and
shrink on exposure to sunlight and heat.
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Unexposed thermoplastic CSPE FMLs can be seamed while thermoplastic by
radiant heat sealing, dielectric heat sealing, hot-air guns, heated wedges,
solvent welding, ultrasonics, or with "bodied-solvent" adhesives. FMLs based
on this polymer resist cracking and failure at low temperatures as well as
weathering, even when exposed without a soil cover. Since thermoplastic CSPE
FML tends to crosslink when exposed to ultraviolet radiation or to heat and
moisture, repairing damaged sheeting that has been aged can be difficult
because the crosslinked material is not readily soluble and is no longer
thermoplastic. Moderate aging can result in a skin cure that will require
abrasive treatment to remove the cured skin and allow seaming with a bodied
solvent. Highly aged sheeting, that is completely crosslinked, has been
satisfactorily seamed for some purposes with a proprietary adhesive.

4.2.2.1.3 Polyester elastomers--Polyester elastomers (PELs) form a
family of melt-processable segmented thermoplastic copolyester elastomers
containing recurring polymeric long chain ester units derived from dicar-
boxylic acids and 1long chain glycols and short chain ester units derived
from dicarboxylic acids and low molecular weight diols. They are both semi-
crystalline and thermoplastic, covering a durometer hardness range of 92 on
the "A" scale to 72 on the "D" scale (ASTM D2240). The PELs combine high
modulus, elasticity, and low temperature flexibility with oil, fuel, chemical
andlbiodegradation resistance. These polymers were introduced commercially
in 1972,

Polyester elastomer derives its strength from crystallizable polyester
blocks which form crystalline regions or domains that are dispersed in an
amorphous matrix. The melting point of these crystalline domains is around
400°F, which indicates serviceability to relatively high temperatures. PELs
have good tear and abrasion resistance, along with high resilience.

The commercial polyester elastomers that are used in the manufacture of
FMLs have hardnesses in the range of 50 to 65 durometer hardness on the "D"
scale. FMLs based on PEL are fabric reinforced and are manufactured by
calendering or by extrusion. Because PELs are thermoplastic, seams of PEL
FMLs are usually prepared by thermal methods and rarely with adhesives.

4.2.2.1.4 Polyethylene--PEs are a family of semicrystalline polymers
that are based principally on ethylene. They range from liquids to hard
plastics and have a range from a few hundred molecular weight to hundreds of
thousands molecular weight. The basic mechanical properties of a specific PE
are determined largely by molecular weight and crystallinity, as indicated in
Figure 4-6.

Polyethylenes are produced by various polymerization processes and with
a variety of catalysts. These processes and catalysts may be varied to
produce polymers which have been classified in a long-standing practice by
ASTM D1248:
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Type of Range of density,

polyethylene Name g/cm3
Type 1 Low-density polyethylene (LDPE) 0.910 to 0.925
Type 11 Medium-density polyethylene 0.926 to 0.940
(MDPE or LLDPE)
Type 111 High-density polyethylene (HDPE) 0.941 to 0.959
Type IV High-density polyethylene (HDPE) >0.960

Note: The Tliner industry has not been following the ASTM clas-
sification and is using the term "HDPE" loosely to cover
the PE polymers that are classified as "MDPE" or "LLDPE"
by ASTM. The designation "HDPE" is being used in most of
the technical and trade literature relating to these
products and in EPA documents. At this point, to avoid
confusion in terminology, the use of the term "HDPE" is
continued in this Technical Resource Document to describe
the medium- and high-density types of PE FMLs and other
HDPE geosynthetics that are commonly used in the Tliner
industry. It is recommended, however, that the desig-
nations of PE presently used in the manufacture of these
products should follow ASTM D1248 designations. This
means that almost all of the resins currently being
employed should be called MDPEs. The term "HDPE" should
be used solely to designate those resins that fall under
the classification of PE Type III and IV of ASTM D1248,

It is recognized, nevertheless, that due to production, sampling, and
testing variables, there is variation in the density of polyethylene of a
given type that is manufactured; the accepted tolerance range is #0.002 g
cm=3 of the normal value of density.

The oldest and most common of the polymerization processes is a high
pressure process which produces highly branched polymers having lower density
and low crystallinity. This is a Type I PE, also designated as LDPE. At the
high end of the density range, the Type IV HDPEs are prepared at Tow pressure
and are homopolymers of ethylene with no measurable side branches.

Type II and Type IIl PEs are made in a variety of processes in which
ethylene is polymerized with controlled ammounts of a comonomer, such as
l1-butene, l-hexene, or l-octene. These produce short branches of ethyl,
butyl, or hexyl-side branches, respectively. As the number of side branches
incorporated into the ethylene backbone increases, the density of the PE
decreases. Thus, it may be possible to have polymers having similar molecu-
lar weights and densities produced by entirely different polymerization
and/or catalyst routes.
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Figure 4-6. Relationship among crystallinity, molecular weight (weight
average), and mechanical properties of polyethylene.
(Based on Rodriquez, 1982).

Note: Although the values for percent crystallinity
for a PE of a given density vary somewhat
with the method of determination. The values
for those polyethylenes potentially useful in
the manufacture of FMLs for water containment
facilities tend to range from about 0.92 at
the low end of low-density to 0.97 at the
high end of high-density PE.

Figure 4-7 presents a comparison of the structures of the various PEs
and copolymers of different densities.

The density of the PE polymers used in most PE FMLs is in the medium-
density range; they are not homopolymers of ethylene but in reality co-
polymers of ethylene and short-chain a-olefins, such as 1l-butene, 1l-hexene,
and l-octene. Inasmuch as the PE FMLs contain 2 to 3% carbon black to impart
UV resistance, they may have densities above 0.940 due to the higher density
of the carbon black, i.e. 1.80 g/cm3. To determine the density of the base
PE resin in a PE FML, the carbon black content can be corrected for as
follows:

Dp = Dp - 0.004C (4-1)
where

Dy = density of base resin,
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Dp density of compound, and

C

weight percent of carbon black in the compound.

In addition to the carbon black, PE FMLs contain antioxidants to improve
aging and UV resistance; they also may contain a variety of additives such as
antiblock agents, slip agents, and other processing aids. The PE base resins
often contain trace metal residues from the polymerization catalysts.

Density of PE resin Low Medium High
Polymerization process High pressure Low pressure Low pressure
Molecular structure Branched with  Linear with Linear with a
long chains short chains few small side
chains
e —
Short-chain branches C1,C2,C3,C4 C2,C4,Cq C2,Ca

Long-chain branches/
molecule 30 0 0

Figure 4-7. Schematic comparision of the structures of PE and ethylene
copolymers of different densities; C = number of carbon
atoms in the short chains.

The high crystallinity of the PEs compared with many other polymeric
compositions used in manufacturing FMLs results in polymers that are parti-
cularly resistant to swelling and permeation by many 1liquids, gases, and
vapors. However, some of the higher density PE FMLs are subject to environ-
mental stress-cracking (ESC), which is discussed in Section 4.2.2.5.4.
Basically, it has been observed that FMLs based on PE resins having densities
in excess of 0.942 g em=3 will generally not meet FML performance require-
ments for resistance to ESC (Dewsnap et al, 1986).

Several means have been used to increase the environmental stress-
cracking (ESC) resistance of HDPE; they include increasing molecular weight,
the blending of HDPE with various elastomers, such as EPDM, butyl, and
CPE (Howard, 1964), and the copolymerization of ethylene with a-olefins
(terminally unsaturated) such as 1l-butene, 1l-hexene, and 1l-octene. The
blending of EPDM with HDPE has been used commercially in the manufacture of
an FML with substantially better ESC resistance than the HDPE alone. This
blend was termed "HDPE-A". FMLs based on this blend were used for several
years. However, at the present time (June 1988), the manufacture and use of
HDPE-A have been discontinued as PEs with better ESC and solvent resistance
have been developed using copolymers of ethylene and o-olefins.
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The forming of PEs into sheeting for use as FMLs 1is done principally
in an extrusion process, as described in the section of this chapter on
processing. As PEs are thermoplastic and semicrystalline, they soften and
melt when heated above their respective melting points in the range of 120°
to 140°C; therefore, seaming of PE FMLs can be performed by various thermal
methods. All of these methods require that the surfaces be cleaned and free
of oxidized polymer and be melted so that the molecules in both FMLs that are
being joined can molecularly mix. If a molten extrudate from a welder is
used to join the FMLs, the extrudate should melt both surfaces and then
molecularly mix with the surfaces of both FMLs. The extrudate should be
based on the same PE compound and have the same density as the FMLs it is
joining.

4.,2.2.1.5 Polyvinyl chloride-~Polyvinyl chloride (PVC) is produced from
vinyl chloride monomer by any one of several polymerization processes. It is
a versatile thermoplastic polymer that is compounded with plasticizers and
other modifiers to yield compositions with a wide range of physical prop-
erties from flexible rubber-like materials to hard plastics.

PVC FMLs are generally produced by calendering in various widths and
thicknesses. Most PVC FMLs are unreinforced, but they can be reinforced with
fabric. PVC FML compounds contain 25% to 35% plasticizer to make the flexi-
ble and rubber-like sheetings. They also contain 1% to 5% of a chemical
stabilizer, and various other additives, including colorants. A wide variety
of plasticizers are used in PVC sheeting; the choice of plasticizer depends
on the application and service conditions under which the sheeting is used.
Plasticized PVC FMLs have good mechanical properties: tensile strength,
elongation at break, and puncture and abrasion resistance. As they are
thermoplastic, they can be seamed by solvent and thermal methods.

PVC FMLs have been the most widely used polymeric FMLs. They have
good resistance to many inorganic chemicals (Chan et al, 1978). Although
the polymer inherently resists the effects of o0ils, many organic chemicals
(hydrocarbons, solvents, and oils) attack PVC sheetings plasticized with
monomomeric plasticizers, e.g. the phthalates which are biodegradable. PVC
compounds that possess high resistance to oil attack can be prepared with
special polymeric plasticizers. For example, polyester plasticizers and
polymers, such as nitrile rubber, CPE, and ethylene vinyl acetate (EVA), can
be used to replace the extractable monomeric plasticizers, and thus make PVC
compositions that are more resistant to many waste liquids. Some of these
compositions may have less low temperature resistance compared with those
with monomeric plasticizers.

Because the PVC resins are sensitive to ultraviolet light and need to be
plasticized, a PVC Tiner, which may contain a volatile plasticizer, should be
covered with soil or other suitable cover to protect it. Carbon black is
often used as an ultraviolet stabilizer, but, because it makes the sheeting
black, the temperature of the sheeting is raised when exposed to the weather
and plasticizer evaporation is increased. In some burial tests and in some
liner applications, PVC FMLs have become stiff due to loss of plasticizers to
the soil and biodegradation by microorganisms. Monomeric plasticizers can
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also be extracted somewhat by water or long-term exposure. Plasticized PVC
can be protected against biodegradation (biodeterioration) by a broad spec-
trum of macroorganisms to varying degrees through the use of biocides or
biostabilizers.

4,2.2.2 FML Manufacture--

4,2.2.2.1 Compounding of FML compositions--Most polymeric membranes
are based on single polymers, but blends of two or more polymers are being
developed and used in liners. Also, different grades of a given type of
polymer can be used. Generic classifications based on individual polymers
have become increasingly difficult even though one polymer may predominate.

A1l polymers are compounded with auxiliary ingredients which serve
different purposes. The basic compositions of the different types of com-
pounds are shown in Table 4-5. The crosslinked compositions are usually the
most complex because they contain a crosslinking system. Thermoplastics,
except for CSPE compounds, contain no curatives. Although supplied as
thermoplastic, CSPE liners contain crosslinking agents that allow the polymer
to crosslink during service. Crystalline materials have the simplest com-
position and generally consist of the polymer, a small amount of carbon black
for ultraviolet protection, antidegradants, and possibly processing aids.

TABLE 4-5. BASIC COMPOSITIONS OF POLYMERIC
FML COMPOUNDS

Composition of compound type,
parts by weight

Cross- Thermo-  Semicrys-

Component linked@ plasticd@ talline
Polymer or alloy 100 100 ‘100
0i1 or plasticizer 5-40 5-55 0-10

Fillers:

Carbon black 5-40 5-40 2-5
Inorganics 5-40 5-40 ceo
Stablizer/inhibitor 1-2 1-2 1

Crosslinking system:
Inorganic system 5-9 b cee
Sulfur system 5-9

8Available in unreinforced and fabric-reinforced
versions.

bAn inorganic curing system that crosslinks over
time is incorporated in CSPE FML compounds.
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Several of the auxiliary components of a formulation can be affected
during service when they are either immersed in the liquid or exposed to
the weather. Low molecular weight fractions in the base resin or blend can
be lost. The oils and plasticizers are potentially extractable and, in some
cases, biodegradable; some stabilizers can be extracted. Loss or change in
any of these components can affect properties and durability of the compound.

Most of the FMLs currently manufactured are thermoplastic. Though FMLs
based CPE or CSPE are more chemically resistant in the crosslinked form than
in the thermoplastic form, they are generally supplied as thermoplastics,
which are easier to seam reliably and to make repairs in the field. Thermo-
plastic FMLs can be heat-sealed or seamed with a solvent, bodied solvent, or
special adhesives. Semicrystalline FMLs are generally seamed by thermal
welding or fusion methods.

FMLs of all but the semicrystalline type compositions are available with
fabric reinforcement which increases strength and thermal stability. The
fabric constructions vary from thread counts of 6 x 6 to more than 20 x 20.
As the thread count increases, the area between the threads that allows con-
tact between the plies is reduced. The adhesion between plies is dependent
upon this area and good "strike-through" and "knitting" of the polymeric
layers during manufacture. Good initial ply adhesion and its retention
during service are important to prevent delamination.

4.2.2.2.2 Forming processes--A variety of FMLs manufactured by dif-
ferent processes for different materials as illustrated in Figure 4-8.

Figure 4-8. Various types of polymeric FMLs available for
lining applications.
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The three basic methods used in the manufacture of polymeric sheeting
for liner use are calendering, extrusion, and spread or knife coating.
Calendering is used in forming both unreinforced and fabric-reinforced
sheeting, whereas extrusion is only used in making unreinforced sheeting.
Spread coating is used for making fabric-reinforced sheeting in which the
fabric is comparatively tight, i.e. the number of thread ends per inch is
greater than 20.

Calendering is the most common method of forming thermoplastic FMLs. It
is also used in forming vulcanized rubber FMLs. In this process, heated
rubber or elastic compounds are passed between the heated rolls of a calender
to form a sheet of predetermined thickness. A calender usually consists of
three to four rolls, as is shown in Figure 4-9. \Unreinforced sheeting is
usually of single-ply construction; however, some manufacturers have used
multiple plying of unreinforced liners to eliminate the formation of pinholes
through the sheet. By manufacturing sheeting in this manner, the probability
of a pinhole in one ply coinciding with a pinhole in another 1is remote.
However, delamination of the plies has occurred on long immersion in waste
liquids and some organic solvents.

8 & g

Vertical Offset top rold Inverted L
(a)
Vertical Inverted L Z

(b)

Figure 4-9. Roll configuration of calenders: (a) three-roll calenders,
and (b) four-roll calenders (Blow, 1971).
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Fabric can be placed between the plies of the polymeric compound to
reinforce the FML. In this case, sufficient material must be placed on
both sides of the fabric so that pinholes are not generated between the
fabric and the outside of the sheeting. Also, there should be sufficient
compound present to strike through the open weave of the fabric and achieve
direct contact of the rubber on both sides of the fabric. Fabric reinforce-
ment is usually achieved through the use of open fabrics or scrim of nylon,
polyester, polypropylene, or glass fiber. The thread count or ends per inch
usually range from 6 x 6 to 10 x 10 per inch, but most are 10 x 10 ends per
inch. Figure 4-10 shows several types of fabric. A coating is applied to
the finished fabric after weaving in order to tack the yarns in place so that
the finished fabric construction pattern will not lose its shape. Different
coating formulations are used, depending on the end use. Fabrics to be used
with vulcanized elastomeric FMLs are usually treated with an adhesive coating
which chemically reacts with the FML compound during the curing cycle to
produce adhesion to the polymer compound.

Extrusion methods are used primarily in the manufacture of PE and other
semicrystalline FMLs. For the thinner FMLs and films, it is common to form a
tube of the FML or film and to slit it to form a lay-flat sheet. For the
thicker gage PE FMLs flat sheets are extruded directly with different equip-
ment. For example, as shown in Figure 4-11, a large circular die extruder
can produce FMLs 22 ft in width. Flat extruders can produce sheeting up to
10 to 12 ft in width and a proprietary extruder is capable of producing
sheeting up to 33 ft in width,

Some manufacturers set up special straining operations to clean out
grit that may be in the compound. This operation immediately precedes the
calendering or extrusion. In this step, grit and other coarse particles are
screened out to yield a grit-free compound for the calender or extruder.

Spread coating is performed only on fabrics having high numbers of
thread ends per inch. In this process, the coating compound is applied as a
viscous "dough" made of a high concentration of the compound dispersed in a
solvent. The fabric is first passed over a spreader bar to remove wrinkles
and creases and then passed beneath a stationary blade which spreads the
compound and controls the thickness of the polymer coating. The solvent is
evaporated by drawing the coated fabric through a heated chamber and the
solvent is recovered. Upon removal from the heated areas, the sheeting is
cooled and rolled (Blow, 1971, p 285).

4,2.2.3 Seaming of Polymeric FMLs--

Critical to the effective performance of FML liners of impoundments and
solid waste landfills is the construction of continuous watertight barriers
of approximately uniform strength. According to the available information,
seams appear to be the most 1likely source of FML problems and failures.
As is indicated in the above subsection, many polymeric FMLs, particularly
those made by calendering, are manufactured in relatively narrow widths,
i.e. less than 90 inches. Sheets are cut from the rolls and seamed together
in the factory to make large panels. These panels, in turn, are assembled at
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Manufacturer F. 30 mils (0.76 mm), B-5602. Photo Msanufacturer A, 60 mils {1.52 mm), B-4606. Photo
P222-D-65685 PX-D-68886

Manufacturer G. 30 mils {0.76 mm)_, B-5540. Photo Manufacturer H, 30 mils {0.76 mm), B-5560. Photo
PX-D-68887 PX-D-68888

Figure 4-10. Nylon-reinforced, butyl lining samples showing different weaves

and weights of nylon used by four manufacturers at 6X magnifica-
tion. (Hickey, 1971a).
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the construction site to make large, continuous liners which can range up to
many acres in area. Therefore, a liner installed in this manner contains
both factory and field seams. In the favorabie factory environment, durable
seams can be made by a variety of methods depending on the type of polymer.
Several types of FMLs are made in extrusion processes in wider sheetings,
i.e. in widths ranging from 21 to 33 feet; these FMLs are brought to the
site in large rolls and seamed in the field, thus eliminating factory seam-
ing. Seaming in the field can pose difficulties, largely due to variability
in the ambient conditions.

Figure 4-11, Extrusion of polyethylene FML using an extruder with a circular
die. Courtesy of Poly-America, Inc.
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In order to function as a liner, an FML must be capable of being bonded
by one or more bonding systems which can produce bonds that are strong and
chemically resistant and meet the following requirements:

- The bond should be based on primary chemical bonds.

- The bond between the sheets must approximate the strength of the

sheeting and must maintain its strength throughout the service life of
the sheeting.

- The seaming process should not damage or degrade the parent FML, such
as weakening the FML at the edge of the weld.

- The bond between the sheets or panels must be continuous for the
length of the seam.

- The bond must be capable of being formed in the field.

The principal requirement of the bond is that the polymeric molecules
of the two FMLs being joined become molecularly mixed without the inclusion
of dirt or oxidated particles, and the interface essentially disappears so
that the mass at the original interface becomes homogeneous. This can be
accomplished either by the use of solvents to dissolve the polymer on both
sides of the interface and allow the molecures to mix or to melt the polymer
and allow the molten polymer from both FMLs to mix before the seams harden or
crystallize as they cool. A residual interface may allow waste liquid to
enter and destroy the adhesive bond.

A variety of bonding systems are used in the seaming of FMLs. Selection
of the optimum system for a given FML will depend largely on the polymer.
Certain techniques or seaming systems are incompatible with certain FMLs.
For instance, dielectric seaming requires polarity in the polymer; therefore,
it cannot be used to seam polyethylene FMLs. Furthermore, because of the
specialized equipment required, the use of dielectric seaming is restricted
to the factory. In addition, adhesives are generally designed for use with a
specific FML and should not be used with other lining materials even though
the two materials may be based on the same polymer. Manufacturers may
recommend a specific seaming technique, a specific type of adhesive, or a
variety of techniques or adhesives.

Seaming techniques that are currently used either in the factory to
fabricate panels of thermoplastic FMLs, or in the field to assemble the
panels or rolls of FMLs into a final liner, or both, include the following:

- Solvent methods:
Solvent "welding" with neat solvents.
Bodied solvents.
Special adhesives.
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~ Thermal methods:
Heat gun.
Heat sealing.
Dielectric seaming.
Extrusion welding.
Hot wedge.
Ultrasonic.

Table 4-6 presents a list of the possible alternative methods for seam-
ing polymeric materials depending upon the polymer, type of compound, and
location of seaming, i.e. factory or field. Also indicated on the table are
the systems included in the exposure tests. Figure 4-12 illustrates the
configuration of the various seams and the methods of seaming that are
used.

4,2.2.3.1 Solvent methods--Because of the solubility of noncrystalline
thermoplastic polymer compositions in appropriate solvents and the lack of
crosslinks, an FML based on a noncrystalline thermoplastic polymer can be
seamed with solvent mixtures or with solvents in which the liner compound has
been dissolved to form a "bodied solvent." Seaming by these techniques is
described below. ‘

Solvent "Welding". Solvent "welding" of noncrystalline thermoplastic
sheetings with neat solvents can be achieved by coating the mating surfaces
of the sheetings with a solvent or a mixture of solvents suitable for the
compound. The two surfaces are then pressed together firmly, e.g. by
“stitching" with rollers on a firm base. The time for such a seam to "cure"
or set up ranges from 5 minutes to an hour, depending on the type of sheeting
and environmental conditions. Up to 28 days may be needed for the solvent
to evaporate completely from within the seam and for it to achieve full
strength. Though this method can be used both in the field and in the
factory, it 1is sensitive to weather conditions, e.g. temperature, humidity,
and wind. Volatile solvents which may be desirable at lower temperatures
will evaporate too quickly at higher temperatures or may fail under humid
conditions to yield an adequate bond because of moisture condensation.

In forming seams by the solvent-welding method a solvent or blend of
solvents must be chosen for the specific plastic to be bonded (Been, 1971,
p 125; Bodnar, 1962, p 483). The solvent must quickly dissolve the surface
of the FML and impart tack to the sheeting but not totally dissolve it. The
choice of an appropriate solvent is facilitated by knowledge of the volatil-
ity and solubility parameters of the solvent and of the solubility parameters
of the liner composition (Barton, 1975). In making repairs, it is also
necessary to change or refresh the exposed surface to remove dirt, exudation
from the sheeting, e.g., waxes, and moisture. The surface may need to be
abraded and buffed to remove an oxidized layer which may not be soluble.

Bodied Solvents. The use of a bodied solvent to seam thermoplastic
sheets is an adaptation of the solvent "welding" method described above. A
bodied solvent is a solution of the liner compound to be seamed in a mixture
of solvents. The "adhesive" is applied to both surfaces and the two surfaces
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TABLE 4-6  BONDING SYSTEMS AVAILABLE FOR SEAMING POLYMERIC FMLS IN FACTORY AND FIELD
Thermal methods
Solvent Die- Extrusion
Type Type of Place methods Heat  Heat 1lectricC¢ weldin Hot Ultra-
of FML compound? used Neat Bodied sealb gun seaming Lap Fillet wedge sonic
CPE TP Factory X X X X X see coe X X
Fi e]d X X o0 0 X LR N J L ] e o0 X X
CSPE TP Factory X X X X X cos cos X X
Field X X ces X cee cee ces X X
LDPE TP/CX Factory ... . X X cee cos ces X X
Fie]d [ N ) L N 2 LR ] X * 0 X X x X
MDPE TP/CX Factory o e L2 N ] X X L N ] LN L ) X X
F]' e‘ld LN ] LN 2 LI 2 X L ] X X X X
HDPE TP/CX Factory LI LR A ] X X LR N ) LR N ) LN N 2 X X
Fie]d L N ) LN ] oo X LN 3 X X X X
PEL TP/CX Factory LN ] L X X L AN ) L ) LR N 2 X X
Fi e]d LN ] s 00 L 2 X e e o LR N ] LK I ) X X
PVC TP Factory X X X X X cee cos X X
F.i e]d X X o0 X * e 0 L L ) X X
EVA TP/CX Factory ... cee ces X X .o cee X X
F.i e]d LN ] LN ) L N 2 X * e 0 LR ) LN 2 X X

aTP = thermoplastic; CX = semicrystalline.

bApplication to the FMLs of 20 mil or less in thickness.
CUsed only in the factory with polar polymers.



Figure 4-12.
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METHOD OF SEAMING

Made by heat sealing,
dielectric sealing, and
solvent welding

Made with bodied solvents,
adhesives, and by extrusion
welding

Made with an adhesive,
heat seaming, dielectric
seaming, solvent welding,
and heat gun

Made with dual hot wedge
and hot airr seaming methods

Made by extruding molten
compound of the same
composition as the FML
over the lapped edge;

a gum tack may be used
for holding the edge

of the FML down

Similar to above, except
a heat gun is used to tack
edge of FML

Made by a special
heat sealing device

NOT TO SCALE

Configurations of seams used in joining FML sheets and panels
The "tacks" used sometimes in preparing
the fillet-weld seams are not part of the seam under test and,
when possible they are opened before the seam is tested.
strip (not shown) over the upper edge is sometimes used,
especially with fabric-reinforced FMLs.
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are pressed together after becoming "tacky.” There should be no surface
"skinning" or drying of the adhesive when the two surfaces are joined.

The major advantage of a bodied solvent over a straight solvent is the
increased viscosity of the solution which allows more control of the evapor-
ation of the adhesive and aids in making seams on a slope. Another advantage
of bodied solvents is that the dissolved polymer fills voids or imperfections
in the surface of the sheeting and thus improves the consistency and strength
of the seams. As with solvent "welding," bodied solvents can only be used
with thermoplastic materials that can be dissolved in a suitable mixture of
solvents.

The bodied-solvent technique can be used to seam sheetings in the
factory and is particularly useful in the field (Haxo, 1983, p 97; Been,
1971, p 132). It has been used considerably in the seaming of CSPE, CPE,
and PVC membranes and in making field repairs during the installation of
these membranes. Testing of seams must wait until the solvent in the seam
has evaporated through the membrane or has been driven out by heat.

4.2.2.3.2 Thermal methods--A variety of thermal seaming methods are
applicable to thermoplastic FMLs which soften, melt, and flow at higher
temperatures to fuse the sheets being joined. The thermoplastics are listed
in Table 4-4, Thermal seaming methods include: heat sealing, heat gun,
dielectric seaming, extrusion welding, hot wedge, ultrasonic, and various
combinations. Factory seams of cured elastomeric FMLs are vulcanized.

Heat Gun. Seaming with a heat gun has been used for all types of
thermoplastic membranes under both factory and field conditions, including
repair of unexposed liners. In this method, high temperature air or an inert
gas, such as nitrogen, is directed between two sheets to melt the surfaces to
be joined. The two pieces are then forced together with pressure and allowed
to cool to form a Tap seam (Bodnar, 1962, pp 481-82).

The major advantage of the heat gun method is its broad range of ap-
plication to many thermoplastic materials. The two disadvantages are the
great care required to obtain uniform, reproducible seams and the tendency
of the hot air to oxidize and degrade the surface of the FML during the
seaming process and thus produce a poor bond. This method also requires that
the surfaces to be joined be clean and free of moisture, dust, oil, and all
solvents. These requirements pose problems when seaming in the field,
particularly when seaming FMLs that have been exposed to waste streams and to
the weather.

Heat Sealing. In this thermal seaming method, the heat required to melt
and bond the two layers of thermoplastic is applied through the sheets by
clamping them between a pair of jaws which are quickly and reproducibly
heated, normally by passage of an electrical current through a resistance
wire. The sheets remain clamped for a preset period following cessation of
the cgrrent and the molten polymer solidifies to form a lap bond (Been, 1971,
p 158).
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The advantage of heat-sealing is that the complete bonding cycle is
readily controlled by a timer and, thus, seams can be made rapidly and
reproducibly. As exposure of the heated plastic to air is minimal, the
problem of oxidation and embrittlement is reduced.

Another form of heat sealer not sharing the advantages of the clamp
type is a heated roller which can be used manually to simultaneously press
and melt together both sides of the seam (Bodnar, 1962, p 482). Both roller
and clamp heat sealers share a serious disadvantage in that heat must pass
through the seam and, thus, are generally limited in application to rel-
at1veiy thin sheetings. With thicker sheetings, the bonding process is
very slow and the heated surfaces tend to become fluid, flow, and thin down
before the bonding surfaces are sufficiently molten for fusion to occur.

Dielectric Seaming. In dielectric seaming, heat is generated internally
within the pieces of sheeting to be joined by directing electromagnetic
energy in the radio-frequency region to the seam. The energy field oscil-
lates and causes the permanent or induced dipoles in the polymer to oscillate
with the same frequency, creating internal friction and heat. Advantages of
dielectric heating are that the entire cross section of the sheeting is
heated quickly and uniformly, the heating process can be instantly started
and stopped, the method is very efficient as it does not generate waste
heat, and the process is readily controlled and highly reproducible. Pres-
sure is applied until the area being seamed has cooled and a strong bond
formed.

Dielectric seaming can only be used with FMLs based upon thermoplastic
polymers synthesized from easily polarizable monomers. The presence of
water in an exposed FML can result in internal blowing and sponging of the
FML. This technique is suitable only for factory operations where the
environmental requirements of the equipment can be met and cannot be used
in the field. FMLs that can be seamed by this technique are based on such
polymers as PVC, CPE, and CSPE; PEs cannot be seamed by this technique.
Within these limitations, dielectric seaming provides very rapid and reli-
able seaming (Rothstein, 1971, p 161), but it is not suitable for field
seaming of FMLs.

Extrusion Welding. Seaming of HDPE FMLs is being performed in the field
with a variety of proprietary and specially designed seaming equipment based
on the extrusion of molten HDPE of the same composition as the liner either
between the FMLs being seamed to form a lap weld or at the edge of the top
sheet to form a bead or fillet. Also, seaming equipment based on heat guns
has been devised in which coiled plastic welding rods or strips can be melted
and placed. The rod is fed to the seam area to form a fillet-weld seam.

In the first extrusion welding procedure, a jet of hot air is injected
into the overlap area to blow away debris and heat the area to be welded.
Directly following the hot air, a ribbon of molten polymeric compound of the
same composition to that of the sheets being joined is injected into the
overlap through an extruder nozzle. A roller moving behind the extruder
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nozzle presses the overlap together so the sheets will be fused by the ex-
truded ribbon. Welding speed, pressure roller movement, and temperature
are adjustable with the extrusion equipment. The result can be a homogeneous
weld that is immediately load bearing.

In the second extrusion welding procedure, a hand-held extruder, in
which pellets or strips are fed and melted, places a bead or fillet of the
molten PE at the edge of the overlap of the two FMLs that are being seamed.
The surfaces of the FMLs are normally buffed and cleaned prior to seaming;
also, the edge of thicker FMLs are beveled to give greater surface and to
ensure that air pockets are not left at the edge of the top FML. In per-
forming this seam, the top FML is positioned and tacked to the Tower FML
through the use of heat guns or gum tape between the two FMLs. This type of
seaming is used both in assembling the FMLs and in the repair and patching of
FMLs.

With extrusion and fusion seaming methods, continuous seams of ex-
tended length can be made in the field at a broad range of ambient temper-
atures. The critical temperature is that of the FML and the extrudate.
Welding can be carried out at sheet temperatures 25°C. With extra measures
such as 1) slowing down welding rate, 2) preheating the sheet, and 3) setting
up wind shields for the welder, welding is possible down to sheet temper-
atures of -15°C. Success at these low temperatures should be verified by
test welds.

Extrusion seaming methods, as with all other seaming methods, require
careful preparation of the surfaces to be bonded (e.g. drying and buffing,
removal of any oxidized layer, as well as proper adjustment of temperatures
at the surfaces of the layers to be joined) to assure blending and molecular
mixing of the polymeric compound at the interface.

Hot -Wedge Welding. The hot-wedge method (Neidhart, 1979) consists of a
hot electrically-heated element in the shape of a blade or V-shaped wedge
that is passed between the two sheets to be sealed. Contacting the two
sheets to be seamed together, the heated element melts, and smears the two
surfaces causing fresh material to come to the surface. Immediately follow-
ing the melting, roller pressure brings the molten surfaces together to form
a homogeneous fused bond.

The hot-wedge method is particularly suited for the thicker [greater
than 30 mils (0.76 mm)] LLDPE and HDPE materials, but it is also used with
the reinforced thermoplastics. Single-hot-wedge and dual-hot-wedge systems
are both available. The dual-hot-wedge weld forms a continuous air channel
between two welds. The air channel can be used as a means of testing the
bond continuity when air pressure is injected into it. Welding rate (move-
ment of the machine) as well as temperature and roller pressure are adjust-
able and continuously monitored. Adjustments are made according to environ-
mental conditions such as ambient temperature and moisture.

The hot-wedge method has been used in both the factory fabrication of
panels and in field installation. It is particularly suited to long,
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continuous, straight seams. However, without special modification, it does
not appear to be suitable for making repairs because of the irregularity of
the shapes required to patch liners.

Ultrasonic Welding-~A newly introduced welder for seaming FMLs involves
the use of ultrasonic energy that is designed to dissipate the vibrational
energy at the point of contact of the two FMLs to be seamed, causing the FMLs
to become molten as a result of the heat generated by frictional activity.
Immediately upon melting the membrane surfaces pass through two rollers which
squeeze the two sheets together to create a bond from one to two inches in
width. The welder is mounted on a three-wheel frame. The rollers, which are
motor driven, serve to propel the unit at a controlled rate along the seam
line. This seaming method has been applied to thermoplastic FMLs from 0.010
to 0.125 in. in thickness.

4,2,2.3.3 Other bonding methods for seaming FMLs--In addition to
the seaming methods described above for thermoplastic and semicrystalline
FMLs, other methods are used in the seaming of crosslinked FMLs, i.e.
butyl rubber (IIR), EPDM, CR, and some thermoplastics. Discussions of
these seaming methods are included for information because FMLs currently in
service were seamed by these methods, and because results of research and
testing are reported in this document on materials seamed by these methods.

Hot Vulcanization. High temperature vulcanization was used in the
factory to prepare panels of IIR, EPDM, and CR FMLs. This seaming was
performed under controlled conditions of pressure and time to achieve vul-
canization and bonding across the interface of the two FMLs being joined.

Vulcanizing Adhesives. Vulcanizing adhesives achieve their strength
from the crosslinking or vulcanization of the polymeric base. The vulcani-
zation may be either a long or short-term operation and may occur under
service conditions. Usually, a vulcanizing adhesive is a two-part system,
one containing the polymer base, and the other the crosslinking agents. A
complete system, as supplied by the manufacturer, includes a two-part cement,
a rubber-base gum tape, and a lap sealant; it is designed for use in both the
factory and the field.

Solvent Cements and Contact Adhesives. "“Solvent cements" is an expres-
sion used by the adhesive industry to refer to any of a large variety of
adhesives that are applied dissolved in a nonaqueous solution. The strength
of the bond is achieved either contemporaneously with or after the volatiza-
tion of the solvent. Thus, a solvent cement can be anything from a solution
of a thermoplastic resin to a contact cement. Two types of solvent cements
are of interest to the lining industry:

- Contact cements.

- Cements that volatilize their solvent while forming the adhesive
bond.
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Surfaces to be bonded by the second type of adhesive are usually pressed
together while the solvent cement is still "wet". Because polymeric membrane
materials can have low permeability to a number of solvents, it is important
to choose a solvent cement based on a solvent that can volatilize out of the
seam assembly. This can happen when the solvent in the cement either dis-
solves or partially dissolves the surface of the sheeting and forms what
might be called an "interpenetrating" bond with the lining material.

Contact cements are adhesives that are applied wet to surfaces of
sheetings that are to bonded and allowed to dry to a "non-tacky" and solvent-
free state before the two surfaces are joined. The use of this type of
adhesive requires careful alignment of the 1lining material before bonding
because the joined surfaces should not be realigned after assembly. After
joining, the seam should be rolled with a steel or plastic roller in a
direction perpendicular to the edge of the seam.

Based upon meeting safety requirements, solvent cements could be used
either in the field or in the factory to seam FMLs; however, they are more
likely be used only in the field.

Tapes. Tapes have been used in the past to seam FMLs in the field.
They are made with pressure-sensitive adhesive applied either to both sides
of a flexible substrate or to a flexible backing. The Tatter is removed once
the tape has been placed on one of the surfaces to be joined. Tapes can be
used to hold the sheetings in place while another seaming technique is used,
or they can be used to provide the permanent bond.

Tapes have been used to seam PE FMLs in the field; however, the use of
tapes alone for making seams in FMLs for waste disposal facilities is not
recommended. More recently, they have been used in the positioning of FML
sheets for fillet extrusion seaming.

Mechanical Methods. Mechanical methods for seaming, though adequate for
water containment, are not considered adequate for seaming liners for waste
storage and disposal facilities.

4.2.2.3.4 Repairing and seaming of exposed FMLs--An investigation by
Haxo (1987) indicated that there 1is no current technology that can be used
to repair leaks and other damage in FMLs that are in service below wastes.
Applying the basic criteria used in assessing and testing liners and seams
in FMLs that are being installed, it appears highly questionable that
conditions required for preparation of adequate seams and permanent repairs
can be met with FMLs exposed below wastes. Liners exposed to the weather
only, e.g. on the slopes of surface impoundments, can be repaired if the
proper conditions of cleanliness and dryness are met. Repairing with formed-
in-place plugs holds some promise for short-term use; however, permeability
and compatibility of the plugging material with the waste liquid should be
assessed.
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4,2.2.4 Properties and Characteristics of FMLs Important
to their Function in Liner Systems--

The principal characteristics of an FML that are important to its func-
tion as a liner for a TSDF include low permeability to waste constituents,
its mechanical properties, chemical compatibility with the waste liquid to
be contained, which is determined by the FMLs' chemical properties, and its
durability for the lifetime of the facility. Laboratory and pilot-scale
tests of FMLs are used to assess these characteristics. In the following
subsections, these characteristics of FMLs are discussed, and test data on
unexposed FMLs are presented.

4,2.2.4.1 Permeability--The primary function of a liner is to prevent
the flow of mobile 1iquids and other chemical species. Thus, the permeabil-
ity of an FML to these species must be assessed. As is discussed in Chapter
3, transport through FMLs occurs on a molecular level and depends on the
solubility of the permeating species and its diffusibility in the FML. A
concentration or partial pressure gradient across the FML is the driving
force for the direction and rate of transport. The species migrates through
the FML from higher to lower concentration; thus, at a small difference in
concentration, the transmission can approach zero for specific species. In
contrast, soils and clays are porous and the driving force for permeation is
the hydraulic head. When used below an FML in a composite liner, permeation
through the soil will occur only by diffusion (Chapter 3), if there is no
hole in the FML.

The permeability of FMLs to different species can vary by orders of
magnitude, depending on the composition and solubility of the migrating
species in the FMLs (Haxo et al, 1984a and 1984b; August and Tatzky, 1984).
The permeation of a given species is also affected by such factors as cry-
stallinity, filler content, density, crosslink density of the polymer,
thickness of the FML, temperature, and the driving force across the membrane.
Also, swelling of an FML during service can significantly increase its
permeability to some species.

The different topics discussed in the following paragraphs include the
following:

- Permeability to gases, including the effect of temperature on gas
permeability.

- Permeability to water vapor.

- Permeability to solvent vapor.

- Permeability to organics and organic tracer dyes.

- Permeability to ions and water-soluble tracer dyes.

- Effect of thickness on permeability.
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Gas Permeability. Permeability to gases, particularly methane, is an
important property of polymeric FMLs used to control gas migration from
land storage and disposal facilities (Haxo et al, 1982). FMLs are used
as covers and curtain walls to control movement of methane from landfills
and as barriers to prevent entrance of methane into buildings and other
structures near MSW landfills.

The permeability of FMLs and other membranes to three gases of interest
in land disposal facilities (methane, carbon dioxide, and nitrogen), measured
in accordance with ASTM D1434, Procedure V - Volumetric, was reported by Haxo
et al (1984a and 1984b). In this procedure an FML specimen is clamped into a
stainless steel cell to form a barrier to gas flow. All air is flushed from
the system with the test gas and then one side of the cell is maintained at a
positive pressure while the other remains at atmospheric pressure. A capil-
lary mounted on the atmospheric pressure side of the cell is used to measure
the volume of gas slowly diffusing through the liner. The test apparatus is
shown in Figure 4-13.

Vibrator
— Gas bubbler
Capillary I
i Cell top
1 vent valve  Cell bottom
H vent valve
Cell top i
inlet valve
Gas inlet -

Figure 4-13. Gas permeability apparatus in ASTM D1434,
Procedure V - Volumetric.
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Data for the permeability at 23°C of a series of polymeric FMLs to
carbon dioxide, methane, and nitrogen are presented in Table 4-7. Data are
reported as gas transmission rates, which are indicative of FML performance,
and as permeability coefficients, which are material properties and reflect
the permeabilities of the FML compounds. Gas transmission rates (GTR) in

mL(STP)/mé+d-atm are converted into permeability coefficients (P) in barrers
[10-10" mL(STP)-cm/cmZ-s-cm Hg] using the following equations (ASTM D1434):

P = 0.01532 x (thickness in mm) x GTR. (4-2)
The results of the gas permeability measurements show:

- Major differences 1in gas transmission rates among the FMLs, which
reflect variations 1in polymer type, compound composition, and thick-
ness. For example, the transmission rates of carbon dioxide, mea-
sured at 23°C with a pressure gradient of 20 psi, ranged from 122
mL(STP)/m2+d-atm for CSPE 6R to 5260 mL(STP)/ml+d-atm for EPDM 91.

- Permeability of FMLs of a given generic polymer type can differ due to
compounding differences (e.g. in filler and plasticizer contents).
For example, the gas permeability coefficient of one CSPE compound
(CSPE 55) to carbon dioxide was 3.6 times greater than the gas
permeability coefficient of the other CSPE compound (CSPE 6R).

- Permeability of a given FML can vary greatly with the gas. For
example, all FMLs had a much greater permeability to carbon dioxide
than to methane or nitrogen, and a greater permeability to methane
than to nitrogen.

- Gas transmission through FMLs of a given composition will decrease
with increased thickness. For example, the two HDPE FMLs were es-
sentially of the same composition. One was a 0.61-mm sheeting, and
the other was a 0.86-mm sheeting. The thinner sheeting had higher gas
transmission rates to the two gases with which they were both tested.

- Higher polymer crystallinity yields lower permeability coefficients,
as is shown by comparing the permeability coefficients of the LDPE,
LLDPE, and HDPE FMLs; all contained carbon black, except the LDPE FML
which was clear.

An FML (ELPO 36) was tested for permeability to carbon dioxide, methane, and
nitrogen at three different temperatures (10°, 23°, and 33°C). The results
are presented in Figure 4-14, Data are reported as GTR for a 0.158-mm thick
specimen under a pressure difference of one atmosphere. These results
show that permeability of a given FML to gases increases with temperature in
accordance with Arrhenius's equation.

Water Vapor Permeability. The permeability of FMLs to water vapor is
important in a variety of applications, including covering reservoirs and
other impoundments, lining canals and tunnels, and being moisture barriers
in buildings and structures.
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TABLE 4-7, PERMEABILITY OF POLYMERIC FMLS TO GASES AT 23°C,
DETERMINED IN ACCORDANCE WITH ASTM D1434, PROCEDURE V

FML descr“iption Gas permeabi]ity
Com- Gas transmission rate (GTR), coefficient (P),
Serial Thickness, pound mL(STP2)/m-d-atm barrerd
Polymer  numberC mm typed 0 CHg N» [ CHg N2
IR 44 1.60 XL 512 120 19.7 12.5 2.92 0.480
CPE 77 0.72 P 1068 6.31€ 1.45€ 1.168  0.069¢  0.016€
CSPE 6R 0.82 P 122 21.6 26.2 1.52  0.270 0.33
CSPE 55 0.86 P 418 124 27.1 5,47 1.62 0.36
ELPO 36 0.58 CX 1450 280 125 12.8 2.47 1.10
EPDM 83R 0.89 P 2720f ces oo 36.8f .ee cee
EPDM 91 0.90 XL 5260 1400 314 72.0 19.2 4.30
EPDM 8 1.50 XL vee 4709 - cee 10.79 -
CR 90 0.90 L 716 80.9 31.1 9.81 1.11 0.43
PB 221 0.71 CX 818 248 62.3 8.84 2.68 0.67
HDPE  265(0.945) 0.61 cX 729 138 cee 6.77 1.28 cee
HDPE  269(0.945) 0.86 X 467 104 - 6.11 1.36 .
Lopeh  21(0.921) 0.25 cX 6180f 1340f cee 23.sf  s.10f .
HDPE  265(0.945) 0.61 X 729 138 . 6.77 1.28 ces
LLDPE  281(0.923) 0.46 (3 1370 322 ... 9.59 2.25 cee
PVC 93 0.25 P 7730f 1150f oe 29.4f 4, 38f .os
PVC 88 0.49 P 3010 446 108 22.4 3.32 0.81
PVC 59 0.81 TP 2840f 28sf cer 3s.0f  3.51f ces
PELI . 0.022 TP/CX 357 cen cee 0.119 con cer

aSTP = Standard temperature and pressure.

bone barrer = 10-10 mL(STP)-cm/cmZ-s-cm Hg.

CMatrecon liner serial number; R = fabric-reinforced; numbers in parentheses are densities.
dXL = crosslinked; TP = thermoplastic; CX = semicrystalline.

€Measured at a pressure gradient of 40 psi; all others measured at 20 psi, unless noted.
fMeasured at 30°C.

9Measured at 20°C.

hNatural resin (no carbon black).

1This sample is NBS Standard material 1470. The determination was made at 15.0 psi, under which
condition the NBS Certified CO2 transmission rate can be calculated to be 338 mL(STP)/m2.d.atm.
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Figure 4-14. Permeability of ELPO to COp, CHgq, and N2 as a function of
temperature.

The water vapor transmission (WVT) rate of an FML is the time rate
of water vapor flow normal to its surfaces under steady conditions through a
unit area under the conditions of test and is reported in grams per square
meter per day (g m-2 d'l). Transmission of 1 g m-2 d-1 of water is equal in
practical units to 1.07 gal per acre per day. The water vapor permeance of a
material is the ratio of its WVT to the vapor pressure difference across the
two surfaces. The pressure difference is the saturation vapor pressure of
water at a specific temperature multiplied by the difference in the rela-
tive humidity (expressed as a fraction) across the two surfaces. The unit
of permeance used is metric perm, or g m-2 d-1 (mm Hg)'l. The permeance
value of a sheet is a rational basis for evaluating its performance and com-
paring various FMLs of different thicknesses for a given application. The
permeability of an FML is the product of its permeance and its thickness.
The unit used in this report is the metric permecm or g m~2 d-1 (mm Hg)'l-cm.
The water vapor permeability of a homogeneous FML is a property of the
composition which may vary with exposure conditions. Both permeance and
permeability may vary with exposure conditions.

To assess this characteristic of FMLs, the WVT rates of a range of

FMLs were determined in accordance with ASTM E96-80, Inverted Water Method
(Procedure BW). In this procedure, a circular specimen of FML is sealed with
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molten wax into the mouth of an aluminum cup partially filled with deionized
water. The test cup is illustrated in Figure 4-15. The entire assembly is
kept in an inverted position so that water is in contact with the FML sur-
face, and stored in a cabinet maintained at 23°C and a relative humidity (RH)
of 50t5%. This cabinet is equipped with a small fan to ensure uniform
air velocity over the surfaces of the specimens as required by the procedure.
Thus, the WVT occurs across a water vapor pressure gradient of 100% RH
(inside the cup) to 50% RH in the cabinet.

Wax Seal

FML

b ‘;:‘_:95——_ ) . l < Retaining Ri
IIII. %’ ' I etamlng Ing
g

T

Figure 4-15. Exploded view of water vapor transmission cup used in ASTM
E96-80. In the test procedure, the cup is kept in an inverted
position so that water sealed in the cup contacts the FML
surface.

Aluminum Container

The test cups are periodically weighed, and the resulting data (7 to
14 data points in the straight line portion of the weight-time curve) are
reduced using linear regression to ¥1e1d a loss rate which can be converted
to a WVT value in units of g m-2 d-1. WVT data for a series of FMLs, repre-
senting different material types and materials produced by different manu-
facturers, are presented in Table 4-8 by polymer and increasing thickness.
The calculated values of water vapor permeance and water vapor permeability
are also presented.
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TABLE 4-8.

PERMEABILITY OF POLYMERIC FMLS TO WATER VAPORA

FML description

Water vapor

Com-  transmission Water vapor Water vapor
Serial Thickness, pound rate, permeance, permeability,
Polymer number mm type g m~2 d-1 10-2 metric perm  10-2 metric permecm

Butyl rubber 164 1.15 XL 0.053 0.503 0.0579
57 0.85 XL 0.020 0.190 0.0161
22 1.85 XL 0.097 0.921 0.170
CPE 86 0.53 TP 0.643 6.10 0.324
142 0.76 TP 0.36-.063 3.42-5,98 0.260-0.454
135 0.79 TP 1.400 13.3 1.05
145 0.79 TP 0.294 2.79 0.220
77 0.79 TP 0.320 3.04 0.240
38 0.82 TP 0.361 3.43 0.281
12 0.85 TP 0.264 2.51 0.213
136R 0.91¢ TP 1.470 14,0 1,27
147R 0.94¢ TP 0.305 2.90 0.272
152R 0.97¢ TP 0.557 5.29 0.513
165 0.97 TP 0.643 6.10 0.592
CSPE 169R 0.74¢ TP 0.333 3.16 0.234
148 0.76 TP 0.663 6.29 0.478
3 0.79 TP 0.634 6.02 0.475
55 0.89 TP 0.438 9.49 0.845
151R 0.91¢ TP 0.748 7.10 0.646
173R 0.94¢ TP 0.481 4,57 0.429
6R 0.94¢ TP 0.422 4.01 0.377
149R 0.97¢ TP 0.397 3.77 0.366
174R 0.99¢ TP 0.523 4.96 0.492
170R 1.07¢ TP 0.252 2.39 0.256
ELPO 172 0.61 CX 0.144 1.37 0.083
36 0.72 cX 0.142 1.35 0.097
gcod 178 1.16 XL 20.18 192 22.2
178 1.65 XL 14,30 136 22.4
EPDM 41 0.51 XL 0.270 2.56 0.131
83 0.94 XL 0.190 1.80 0.170
26 0.97 XL 0.327 3.10 0.301
163R 0.85¢ XL 0.384 3.64 0.310
18 1.23 XL 0.314 2.98 0.367
8 1.70 XL 0.172 1.63 0.278
EVA 308 0.53 TP 1.57 14.3 0.760
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TABLE 4-8. (Continued)

FML description Water vapor
Com-  transmission Water vapor Water vapor
Serial Thickness, pound rate, permeance, permeability,
Polymer numberb mm type g m=2 ¢-1 102 metric perm 10~2 metric permecm
Neoprene 42 0.51 XL 0.304 2.89 0.147
43 0.80 XL 0.448 4,25 0.340
168 0.91 XL 0.473 4.49 0.409
167R 1.27¢ XL 0.429 4,07 0.517
82 1.55 XL 0.240 2.28 0.353
9 1.59 XL 0.237 2.25 0.358
Nitrile rubber 171R 0.76¢ TP 5.51 52.3 3.98
pge 220 0.19 CX 0.401 3.81 0.0723
221 0.69 Cx 0.084 0.797 0.0550
PeELT 75 0.20 CX 10.50 99.7 1.99
314 0.25 CX 43.7 41.5 10.6
LDPE 108 0.76 CX 0.0573 0.544 0.0413
HDPE 184 0.80 CX 0.0172 0.163 0.0131
179 2.44 CX 0.0062 0.059 0.0144
HDPE-A 181 0.86 cX 0.0472 0.448 0.0385
PVC 89 0.28 TP 4.42 42.0 1.17
17 0.51 TP 2.97 28.2 1.44
88 0.52 TP 2.94 27.9 1.45
19 0.54 TP 2.78 26.4 1.42
137 0.74 TP 1.10 10.4 0.77
146 0.76 TP 1.94 18.4 1.40
11 0.76 TP 1.85 17.6 1.33
143 0.79 TP 1.85 17.6 1.39
PVC-E9 176R 0.91¢ TP 2.78 26.4 2.40
177R 0.97¢ TP 1.94 18.4 1.79
PVC-ORM 144 0.79 TP 3.47 32.9 2.60
40 0.83 TP 4.17 39.6 3.28
59 0.84 TP 4.20 39.9 3.35
Saran film
(0.5 mil) 222 0.013 TP 0.563 5.34 0.00695
Teflon film
(4 mil) 234 0.10 TP 0.217 2.06 0.00206

AASTM E96-80, Procedure BW: Inverted water method at 23°C; 50% humidity on downstream side.
Permeance in metric perms = g m~2 d-1 (mm Hg)=1 = WVT/ap in mm Hg, where ap = the vapor
pressure difference = 10.53 mm Hg (at 23°C and 50% humidity on downstream side). Permeability
in metric permsecm = permeance x thickness of FML in cm.

DMatrecon serial number; R = fabric-reinforced.

CThickness is not corrected to exclude thickness of reinforcing fabric.
dECO = epichlorohydrin rubber.

€pB = polybutylene.

fPEL = polyester elastomer.

€1asticized PVC.

hoil-resistant PVC.

4-48



As with the gas permeability data, permeability to water vapor varies
considerably among the polymer types; for example, the rates are much lower
through hydrocarbon types (e.g. butyl rubber, EPDM, and ELPO) than through
polar types (e.g. ECO and nitrile rubber). Increased thickness and increased
crystallinity, in the case of semicrystalline materials, reduce permeability
rates. Also, within a polymer type there is considerable variation due to
differences in composition. Thus, even though an FML may be thicker than
another FML of the same generic polymer type, it does not necessarily have a
reduced transmission rate. For example, the thinnest CSPE FML (169R) had the
second lowest transmission rate of the 10 CSPE FMLs tested.

Solvent Vapor Permeability. Considerable data exist with respect to the
transport of organics through polymeric films (Yasuda, 1966; Yasuda et al,
1968), but only a few data exist with respect to polymeric FMLs (Haxo et al,
1984a and 1984b; August and Tatzky, 1984). Preliminary experiments were
performed with neat solvents to assess their transmission rates under con-
trolled conditions through different FMLs. Solvent vapor transmission (SVT)
rates were determined in accordance with a procedure based on ASTM E96-80,
Inverted Water Method (Procedure BW). In this procedure, a circular specimen
of an FML is mechanically clamped onto the mouth of an aluminum cup partially
filled with the test solvent (Figure 4-16). The method differs from the
procedure used to measure WVT described above in that the cups are stored in
an upright position so that only solvent vapor contacts the FML specimen.
SVT occurs as a result of the concentration gradient across the specimen by
the presence of a saturated atmosphere within the cup and the essentially
zero level outside the cup. Thus, the vapor pressure difference across the
FML specimen is equal to the vapor pressure of the test solvent at the test
temperature (i.e. at 23°C). The SVT rate is determined as described above

for WVT.
Screw
Ti FML
L _J

® <
[ L J
-
PRT -
: ' Sealing Rings
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Aluminum Container

Figure 4-16. Exploded view of SVI cup with aluminum sealing rings.
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SVT rates for a series of FMLs selected for test because of their good
solvent resistance to five organic solvents (i.e. methanol, acetone, cyclo-
hexane, xylene, and chloroform) are presented in Table 4-9. Also presented
in Table 4-9 are the values for solvent vapor permeance (calculated by
dividing the SVT by the vapor pressure difference) and solvent vapor perme-
ability (calculated by multiplying the solvent vapor permeance by the thick-
ness of the respective FML specimens). Although Tlimited, the data show
substantially different transmission rates among the FMLs and among the
different solvents. Increased crystallinity among the polyethylene FMLs
reduces transmission, as does increased thickness. HDPE that has been
alloyed with another polymer to reduce environmental stress-cracking has
significantly higher vapor transmission and permeability than the unalloyed
HDPE .

Permeability to Organics and Organic Tracer Dyes. Using organic dyes
as tracers has been suggested as a means of detecting the presence of holes
in FMLs. The question arises whether an FML might allow a tracer to permeate
a hole-free FML and thus falsely indicate the presence of a hole.

The pouch test appears to be an appropriate method to assess the
permeability of selected FMLs to organics and organic tracer dyes. In this
procedure, small quantities of a test liquid are sealed in pouches fabricated
from FMLs. The pouches are immersed in deionized water (DI) or another
liquid of known composition. Transmission through the pouch walls is moni-
tored by changes in weight of the filled pouch, chemical analyses (including
pH and conductivity measurements) of the Tiquid outside the pouch, and the
appearance of the dyes in the outer Tliquid or on the pouch surface. The
pouch procedure is presented in Appendix D.

Haxo and Nelson (1984a) reported on the use of the pouch test procedure
to obtain data on the permeation of three semicrystalline FMLs (HDPE, HDPE-A,
and PB) to selected organics and organic tracer dyes. The procedure used in
these tests differs from that presented in Appendix D. The pouch size was
reduced so that the pouches could fit into wide-mouth glass quart jars which
were used to contain the pouches and the outer liquid. Jars were used in-
stead of polybutylene bags to prevent the pouches from floating in the outer
liquid. Specific FMLs were selected for test because of their Tow solubility
in organics, because of their Tow extractables contents, and because they
could be fabricated into leak-proof pouches relatively easily by heat-sealing
of the seams. The two organics selected for this study were xylene and
acetone. Five different solutions were prepared at 1% dye concentration.
These solutions were:

Automate Red in acetone.

Automate Red in xylene.

Methyl Violet in 50:50 solution of acetone and water.

Fluorescent Yellow in acetone.

Fluorescent Yellow in xylene.
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TABLE 4-9,

CSPE

PERMEABILITY OF POLYMERIC FMLS TO VARIOUS SOLVENTS,
MEASURED IN ACCORDANCE WITH ASTM E96, PROCEDURE BW (MODIFIED) TO TEST SOLVENTS

Polymer ELPO HDPE HDPE-A LDPE P8 Teflon
Liner number 170R 172 184 179 180 181 182 108 221 234
Thickness, mm 1.07-1.12 0.53-0.61 0.77-0.83 2.42-2.81 0.53 0,.85-0.88 0.97 0.74-0.76 0.64-0.74 0.10
Type of compound TP cx CX cX CX CX cX CX CX CX
SVT, g m-2 d-1
Methyl alcohol . 2.10 0.16 cen eee 0.50 ees 0.74 0.35 0.34
Acetone 221 8.62 0.56 ces ces 2.19 coe 2.83 1.23 1.27
Cyclohexane cse 7.60 11,7 eoe ees 151 oo 161 616 0.026
Xylene eee 359 21.6 6.86 295 212 220 116 178 0.16
Chloroform eee 3230 54.8 15.8 eee 506 oo 570 2120 20.6
Solvent vapor
permeanced, 10-2
metric perms
(SVT/mm Hg)
Methyl alcohol ces 1.88 0.14 cee .o 0.45 ees 0.66 0.31 0.30
Acetone 104 4,07 0.26 cos soa 1.03 cee 1.33 0.58 0.60
Cyclohexane “ee 8.54 13.1 cos cos 170 cee 181 692 0.03
Xyleneb cee 5130 308 97.9 4210 3020 3140 1650 2540 2,28
Chlioroform ces 1810 30.8 8.88 ees 284 ces 320 1191 11.6
Solvent vapor
permeabilityC, 10-2
metric permse.cm
Methyl alcohol oee 0.11 0.01 ves von 0.04 ves 0.05 0.02 0.003
Acetone 11.4 0.23 0.02 ces cee 0.09 ces 0.10 0.04 0.006
Cyclohexane 0.49 1.05 e 14,7 eee 13,6 47.8 2.9 x 10-4
Xyleneb eoe 292 24.6 25.6 223 262 304 124 175 0.002
Chloroform cee 103 2.46 2.32 - 24.6 ces 24.0 82.2 0.12
avapor pressure of the solvents for permeance calculations was calculated by the Antoine equation using the varia-

bles from Table 10-8, Vapor Pressures of Various Organic Compounds, in Lange's Handbook of Chemistry (Dean, 1979),
The vapor pressures in mm of Hg at a standard room temperature of 23°C are methyl alcohol 112, acetone 212,
cyclohexane 89, and chloroform 178.

bvapor pressure of 7 mm of Hg, which is the average of the individual values for o-xylene, m-xylene, and
p-xylene (Dean, 1979), was used in the calculations since the solvent used was a mixture of the three isomers.

CThe median thickness value was used to calculate the permeability.




Table 4-10 presents information on the dyes used in this study. The
Automate Red B and Fluorescent Yellow were selected for this study to in-
vestigate the possibility of their permeation of an HDPE FML used to line a
series of cells in which the permeability of various soils to waste liquids
was being studied. These dyes, which are soluble in organics but not in
water, were added to the organic wastes so that the flow of these liquids
through soil Tliner specimens could be observed. During monitoring of the
cell, lTeakage was observed outside the HDPE liner. It was desired to
determine whether the leakage was by permeation or through holes in the
liner. The Methyl Violet was selected because of its solubility in both
water and acetone.

TABLE 4-10. ORGANIC DYES USED AS TRACERS IN POUCH EXPERIMENTS

Color
Dye index number Color Solubility Description
Automate Red B Solvent red 164 Red Petroleum products Proprietary AZO dye
Fluorescent Yellow Solvent red 175 Brown oil Xylene, acetone Organic, proprietary
yellow-green fluorescence
Methyl violet 680 Yellow at pH 2 to 3.1 Water, alcohol, C25H30C1IN3

Violet at pH >3.1 chloroform, acetone

The 20-mil HDPE-A FML was selected for this study because it was semi-
crystalline and resistant to the solvents, and because a leak-free pouch
could be fabricated from it with the heat-sealing equipment available.

The filled pouches were placed in either distilled water or in the same
solvent sealed in the respective pouch. Testing was performed in duplicate.
By placing a pouch in the same solvent that was sealed in the pouch, perme-
ation of the dye could be observed. The pouches were monitored principally
for changes in weight. The odor of the outer liquids in the jars was also
noted as well as any appearance of the dyes either on the surface of the
pouches or in the outer liquid. Data on the HDPE-A pouches are discussed
below.

The weight changes of the filled HDPE-A pouches are presented in Figures
4-17 and 4-18, as a function of time. The xylene and acetone with the dis-
solved organic dyes migrated through the walls of all of the HDPE-A pouches.
The pouches which contained the xylene-dye solutions and which were placed
in pure xylene increased in weight (Figure 4-17). This increase in weight is
partially due to absorption of xylene by the pouch wall, but it is primarily
due to the permeation of xylene into the pouch. The dye in the xylene in the
pouch permeated the liner into the outer xylene, which was indicated by the
red color in the outer xylene in the case of the Automate Red and by the
fluorescence of the outer xylene in ultraviolet light in the case of the
Fluorescent Yellow.
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Pouches of 20-mil HDPE-A 180 filled with xylene and 1% Automate Red.
Pouches 154 () and 155 (O) were immersed in xylene. Note the movement
of xylene into the pouch. Pouches 152 (O) and 153 (A) were immersed
in DI water. Note the movement of xylene out of the pouch.
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Pouches of 20-mil HDPE-A 180 filled with xylene and 1% Fluorescent
Yellow. Pouches 126 (O) and 127 (O) were immersed in xylene. Note the
movement of xylene into the pouch. Pouches 124 (O) and 125 (A) were
immersed in DI water. Note the movement of xylene out of the pouch.

Figure 4-17. Weight changes of HDPE-A pouches filled with xylene immersed

in xylene or DI water.
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a. Pouches of 20-mil HDPE-A 180 filled with acetone and 1% Fluorescent
Yellow. Pouches 158 ((J) and 159 (O) were immersed in acetone. Note
lack of movement of acetone. Pouches 156 (O) and 157 (&) were immersed
in DI water. Note the movement of acetone out of the pouch.
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b. Pouches of 20-mil HDPE-A 180 filled with 50:5C acetone: DI water and 1%
methyl violet. Pouches 150 ([J) and 151 (O) were immersed in acetone.
Note the movement of acetone into the pouch. Pouches 148 (O) and 149 (»)
were immersed in DI water. Note the movement of acetone out of the pouch.

Figure 4-18. Weight changes of HDPE-A pouches filled with acetone or 50:50
acetone:DI water immersed in acetone or DI water.

4-54



In the case of the HDPE-A pouches containing xylene and which were
placed in water, the xylene migrated out of the pouch into the water but,
because xylene is sparingly soluble in water, it floated to the top of the
outer water. The Fluorescent Yellow dye permeated the pouch wall and,
because it is a solid and insoluble in water, it precipitated on the outside
surface of the pouch. The outer water did not fluoresce in UV light.

In the case of the HDPE-A pouches containing acetone with Fluorescent
Yellow dye and which were placed in water (Figure 4-18a), the acetone also
permeated the pouch wall; but, because acetone is totally miscible with
the water, it dissolved in the water to form a dilute solution. The dye
also permeated the pouch wall, but precipitated on the outer surface causing
it to fluoresce under UV light. When acetone was the outer liquid, the dye
permeated into the outer acetone but the pouches did not change in weight.
This behavior indicates that the pouch walls did not absorb acetone, which
was verified when the pouches were dismantled.

The 20-mil HDPE-A pouches containing a 50:50 mixture of acetone and
water were placed in both acetone and DI water to assess the effects on
concentration on transmission rates. Changes in weight of the pouches up
to 300 days are shown in Figure 4-18b. The pouches in water lost weight,
leveling off as the acetone concentration in the pouch dropped and that in
the outer water increased. The pouches placed in the acetone as the outer
1iquid gained weight as the acetone permeated into the pouch. However, the
rate of transmission did not appear to change significantly as the con-
centration of acetone in the pouch increased. No sign of Methyl Violet
was noted in the outer liquid for the pouches in acetone or in water.

The initial rate at which the acetone in the 50:50 mixture permeated
through the HDPE-A membrane into the outer water was less than half that
of the acetone in the pouch with the 100% acetone (compare Figures 4-18a
and 4-18b). Calculated rates are, respectively, 1.68 vs 5.68 g m-2 d-1
for the losses of acetone from the pouch. These results show how a con-
centration gradient can affect rates of transmission through an FML.

The transmission rates of acetone and xylene through HDPE, HDPE-A, and
PB FMLs resulting from the pouch test are compared with solvent vapor and
water vapor transmission data in Table 4-11. These results show a correl-
ation between the pouch data and the SVT data, particularly for acetone.
The xylene transmission data resulting from the pouch test may be low,
possibly due to the low solubility of xylene in water.

This pouch method appears to be a,useful method for assessing the
permeability of FMLs to various organic Tiquids that may be stored under-
ground and require secondary containment.

Permeability to Ions and Water-Soluble Tracer Dyes. The permeability of
FMLs to 1inorganic ions and water-soluble organic dyes has been reported by
Haxo and Nelson (1984a). These materials may find use as tracers in testing
the watertightness of a liner system. The pouch procedure appears to be a
means of determining whether tracers could permeate a specific FML. Brown
et al (1983) used tracer dyes to follow flow through soils.
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TABLE 4-11.

TRANSMISSION RATES OF ACETONE AND XYLENE THROUGH

FMLS OBTAINED BY THE POUCH TEST COMPARED WITH SVT AND WVT

Polymer HDPE HDPE-A PB
FML number 184 180 221
Nominal thickness, mil 30 20
Analytical properties
Specific gravity 0.951 0.949 0.907
Extractablesd, % 0.73 2.09 3.68
Pouch testb
Acetone, g m=2 d-1 -0.866C-A -6.53¢-A  -1.316C-A
-5.68d-A
50:50, acetone:
water, g m=2 d-1 ces -1.68€-A
+2.09e,f-A
Xylene, g m=2 d-1 -1.788d-x  -16.84d-X -4,40d-x
-8.48C-X
SVT (ASTM E96-66, Procedure
BW, modified)
Xylene, g m-2 ¢-1 21.6 295
Acetone, g m-2 d-1 0.56 2.199 1.23
WVT (ASTM E96-66,
Procedure BW)
WVT, g m-2Z ¢-1 0.0172 0.0472 0.084
(32 mil) (34 mil) (30 mi1)

aIn accordance with Matrecon Test Method 2 (Appendix E) using
methyl ethyl ketone as the solvent.

bTransmission rates from pouch into outer liquid indicated by
negative sign, i.e. loss of weight by the pouch.

Transmis-

sion values were determined graphically from data in the
early portion of the pouch weight-time curves. The liquids
permeating the pouch walls are represented by the following
symbols: A = acetone; X = xylene. Except where indicated
otherwise, pouches were immersed in deionized water.

CWith Automate Red (1%).

dWith Fluorescent Yellow (1%).
€With Methyl Violet (1%).
fAcetone was outer Tiquid.

9pata for HDPE-A 181, a 30-mil nominal thickness sheeting of
the same composition as FML-180.
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Three water-soiuble tracers were tested in FML pouches in accordance
with the procedure presented in Appendix D. The tracers included one in-
organic salt (lithium chloride) and two water-soluble organic dyes (Fluo-
rescein and Sevron Red). Lithium chloride is generally found only in
trace amounts in soil and has been suggested as a tracer to detect leaks in
waste impoundments. The dyes have been used for tracing water flow.
Information on the dyes included in this study is given in Table 4-12. The
combinations of pouches that were tested and the liquids loaded into them
are listed in Table 4-13. All the pouches were placed in individual con-
tainers filled with DI water.

TABLE 4-12. WATER-SOLUBLE TRACER DYES USED IN POUCH EXPERIMENTS

Color Solu-
Dye index number Color bility Description

Fluorescein-sodium Acid yellow 73 Yellow-red Water CpgHigOgNaz-yellow-
green fluorescence in
neutral or alkaline
solutions

Sevron Red soe Red Water Proprietary cationic
dye

TABLE 4-13. COMBINATIONS OF AQUEQUS TEST LIQUIDS
CONTAINING WATER-SOLUBLE TRACERS AND FMLS IN POUCH EXPERIMENTS

FML
Nominal Tracer
thickness, Lithium chloride Fluorescein Sevron Red
Polymer  Number mil 5% 10% 1% 1%
PVC 137 30 X X X cos
PVC 146 30 X X X ces
HDPE-A 180 20 cae ces X X
PB 221 30 cee cee X X

The pouch assemblies were monitored regularly by measuring the weight
of the pouches, measuring the pH and electrical conductivity of the outer
liquids, and by visual observation with normal and UV light for the perme-
ation of the dyes. The weight changes of the PVC pouches containing 5 and
10% solutions of LiCl are shown in Figure 4-19.
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b. Pouches of PVC 146. Pouch 108 contains 5% LiCL, and Pouch 109 contains
10% LiC1.

Figure 4-19. Weight changes of PVC pouches containing 5 and 10% aqueous
solutions of LiCl during immersion in DI water.
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After 573 days of exposure, the pouches of PVC with the LiCl solutions
had increased in weight in differing amounts depending on the concentra-
tion of the LiCl in the pouch and the specific PVC FML. The pouches with
a 10% concentration of LiCl increased in weight at twice the rate of the
pouches with the 5% LiCl solution. These results show how a concentration
gradient can affect the rate of transmission. On the other hand, the elec-
trical conductivity of the outer water exhibited almost no change during this
period (up to a maximum of 23 umho cm-l against a background conductivity
of 7 wmho cm=1). These results indicate that water passed through the
pouch walls into the pouches, but Tlittle if any 1lithium chloride passed
through the pouch walls into the outer water. These results indicate that
ions do not permeate this FML in spite of their solubility in water which
does permeate.

A1l six pouches with 1% aqueous solution of sodium flourescein showed
indications of transmission of the dye through the pouch walls, particularly
in the case of the PVC 146 pouch. Under UV light, fluorescent specks showed
on the surface of some pouches, in scratches, and at corners where the
sheeting had been thinned during heat-sealing. Observation under UV Tight
also indicated that a small amount of the organic dye permeated the PVC 146
wall since there was distinct fluorescence of the outer water. When the pH
of the outer water was increased, traces of fluorescence appeared under UV
1ight for all pouches. The gains in weight of the filled pouches were very
small.

In the case of the HDPE-A and PB pouches that contained 1% aqueous
solution of Sevron Red, no signs of dye appeared in the outer water or on
the outside of the pouches after 440 days of test. The weight gains of the
pouches were small, i.e. 0.20 g for HDPE-A pouches and 0.32 g for the PB
pouches. Based on the weights of pouches that were dismantled, it appeared
that the weight gains were in the pouch walls, presumably by absorption of
outer DI water. Overall, the results indicate that Sevron Red probably does
not permeate the walls or does so at a very slow rate.

Effect of Thickness on Permeability. In calculating the permeability
of an FML, a value for permeability is usually obtained for a unit thickness,
e.g. 1 cm of sheeting. This calculation assumes that the transmission is
inversely proportional to the thickness of the sheeting as indicated by
Fick's law for diffusion. 1In a study of the permeability of various FMLs to
organics, August and Tatzky (1984) observed that the transmission of neat
organics through a series of HDPE FMLs of different thicknesses deviated from
this relationship, as is shown in Figure 4-20. Consequently, extrapolating
from permeability data for a thin film to obtain data on a thicker film would
lead to transmission values higher than those that would result from testing
of the thicker film. A similar effect was observed in the methane perme-
ability of HDPE FMLs of different thicknesses on measurements made at 23°C by
Matrecon, as is shown in Figure 4-21.

4.2.2.4.2 Mechanical properties--The mechanical properties of an FML
indicate its physical characteristics. The most important of these prop-
erties include tensile properties, both uniaxial and multiaxial, and the
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Figure 4-20. Transmission rates of various hydrocarbons as a function of the
reciprocal of the thickness of HDPE FMLs. (Based on August and

Tatsky, 1984, p 166).

ability to resist puncture and tearing. These properties are involved in an
FML's use in the design of an installation and are important in meeting the
installation's engineering requirements. The test methods used to measure
these properties are discussed in detail in Section 4.2.2.5, "Testing and
Laboratory Evaluation of FMLs." However, it should be noted that, at pre-
sent, there is no correlation between the results of these tests and actual
field performance. This subsection discusses how service conditions can
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affect certain mechanical properties as measured by specific test methods.
Specifically, this subsection discusses:

The effect of temperature on properties.

The effect of rate of deformation on puncture resistance.

The effect of thickness on puncture resistance.

The effect of lubrication on puncture resistance.

Multiaxial stress-strain behavior of FMLs and comparison with
uniaxial stress-strain behavior.

Effect of Temperature on Properties. As indicated in the general dis-
cussion on polymers, the characteristics of these materials are generally
more sensitive to temperature than the more conventional materials of con-
struction. The flexible type of polymeric compositions, such as the FMLs
used in the construction of waste storage and disposal facilities, are
particularly sensitive to temperature. FMLs, which generally contain carbon
black as protection to UV light, can often reach 60-80°C (140°-160°F) in hot
weather during installation and service. Furthermore, most polymeric FMLs
are thermoplastic and, consequently, can Tlose considerable strength and
stiffness at such temperatures. With FMLs of some polymers, particularly
those of CSPE, the loss of strength and modulus is so great that it is
necessary to use fabric reinforcement. At elevated temperatures and during
direct exposure to sunlight, there can be considerable creep in an FML and
thinning where it is stretched over sharp points, e.g. rocks and stones.
Care must be taken through proper design to minimize the occurrence of such
damage during installation and in service. The strength and other properties
of an FML at these temperatures can be important factors in its proper
installation.

In two separate studies performed by Matrecon, the tear resistance and
tensile properties of 15 FMLs were tested at elevated temperatures. In the
first study, five different HDPE FMLs were tested at room temperature and at
40°, 60°, and 80°C. In the second study, 10 unreinforced thermoplastic FMLs
were tested at room temperature and at 60°C. These 10 FMLs included three
CPE, one CSPE, four PVC, and two PVC-OR FMLs.

In the first study, five HDPE FMLs were tested at room temperature and
at three elevated temperatures. Three of these FMLs were received from one
supplier and two from a second supplier. FMLs from foreign and domestic
productions were received from both suppliers, as is shown below:

Nominal Matrecon
thickness, mil liner number Supplier Source
30 269 A Domestic
60 185 A Foreign
70 266 A Domestic
90 262 B Domestic
100 288 B Foreign
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Tensile properties of the HDPE FMLs were measured in accordance with
ASTM D638 at a jaw separation speed of 2 ipm using ASTM D638 Type IV dumb-
bells. Modulus of elasticity was measured in accordance with ASTM D882 using
1/2-in, wide strips at an initial jaw separation of 2 in. and a speed of
0.2 ipm (inches per minute), i.e. with an initial strain rate of 0.1 in.
in.” min.'l, which is specified in the test method. Using specimens of
sufficient size to be tested with an initial jaw separation of 10.0 in. as
specified by ASTM D882, would have resulted in higher test values. The
smaller test specimen size was used because it was easier to handle in the
high temperature chamber. Tear resistance was measured in accordance with
ASTM D1004, which specifies a specimen size identical to Die C from ASTM
D624, at 2 ipm.

The results of the tests are presented in Table 4-14. The tensile and
elongation at yield, the modulus of elasticity, and the elongation at break
are presented graphically, as a function of temperature, in Figures 4-22 and
4-23.

The tensile strength at yield, tear resistance, and modulus of elas-
ticity values of all five HDPE FMLs decreased in a similar fashion as the
test temperature increased. The differences in thickness of the five FMLs
did not affect the rates of change with temperature. Of the properties
tested, the modulus of elasticity was affected the most, decreasing the most
with the temperature increase up to 60°C (140°F). At 80°C (176°F), the rates
of change appeared to decrease and to level off between 60° and 80°C (140°
and 176°F). The values would all approach zero as the temperature approaches
the respective melting points of the HDPE FMLs.

In the second study, 10 unreinforced thermoplastic FMLs were tested at
room temperature and at 60°C. These FMLs included:

Matrecon Nominal

Polymer FML number thickness, mil
CPE 142 30
145 30
154 27
CSPE 148 30
PVC 143 30
146 30
153 30
155 30
PVC-OR 144 30
150 30

Tensile testing was performed in accordance with ASTM D638 at a jaw separa-
tion rate of 20 ipm using a dumbbell specimen size that featured smaller tab
ends and a shorter overall length than the ASTM D638 Type IV specimen. Tear
resistance was measured in accordance with ASTM D1004 at 20 ipm.
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TABLE 4-14., PROPERTIES OF HDPE FMLS OF VARIOUS NOMINAL THICKNESSES AT DIFFERENT TEMPERATURES
Thickness and test temperature
Directi 30 mil, No. 2692 60 mil, No. 1852 70 mil, No. 2662 90 mil, No. 2623 100 mil, No. 2882
irection
Property of test 23°C  40°C 60°C 80°Cd 23°C 40°C 60°C 80°CP 23°C 40°C 60°C 80°cb 23°C 40°C 60°C 80°Cb 23°C 40°C 60°C 80°Ch
Tensile at yield, Machine 2650 2095 1355 1285 3045 2740 1855 1505 2675 2170 1365 1175 3080 2445 1580 1550 2705 2270 1625 1290
psi Transverse 2875 2305 1575 1175 3225 2835 1990 1490 2690 2160 1325 1185 3175 2435 1630 1510 2700 2235 1660 1245
Elongation at Machine 20 20 24 ¢ 15 17 21 24 20 19 21 25 18 19 18 23 17 18 19 19
yield, % Transverse 10 18 22 28 15 16 19 22 20 18 20 24 18 20 19 24 15 17 21 21
Tensile at break, Machine 4065 4510 3810 ... 3405 3475 2540 ... 4365 4235 3620 ... 3920 3865 3195 ... 3530 3465 2625 ...
psi Transverse 4225 5080 3985 ... 2940 3270 2560 ... 4285 4285 3635 ... 3845 3765 3275 ... 4065 3905 2660 ...
Elongation at Machine 760 930 1080 ... 885 1050 1240 ... 815 965 1110 ... 845 955 1160 ... 785 930 1170 ...
break, % Transverse 755 945 1035 ... 760 965 1140 ... 785 890 1075 ... 815 950 1145 ... 860 1045 1235 ...
Set after break, % Machine 660 825 935 ... 785 960 1150 ... 690 855 975 ... 750 85 1030 ... 680 800 1035 ...
Transverse 650 840 915 .., 665 865 1065 ... 695 790 910 ... 720 840 1035 ... 750 925 1095 ...
Stress at 100% Machine 2065 1890 1340 1240 1945 1835 1360 1185 1875 1625 1180 1140 1995 1695 1220 1260 1930 1665 1290 1095
elongation, psi  Transverse 2005 1675 1250 1130 1990 1800 1380 1130 1880 1565 1205 1115 2080 1645 1270 1185 1945 1645 1285 1105
Stress at 200% Machine 2120 1720 1290 1190 1950 1825 1260 1165 1875 1620 1175 1080 1995 1675 1205 1225 1930 1660 1260 1080
elongation, psi  Transverse 2065 1720 1225 1050 1970 1825 1335 1110 1880 1570 1150 1105 2050 1645 1260 1180 1940 1635 1275 1085
Modulus of elas- Machine 8.01 5.80 3.05 2.17 11.8 7.95 3.76 3.17 9.89 5,40 3.04 2.68 11.2 6.34 4.15 3,04 8.69 5.74 3,34 3,20
ticity, 104 psi  Transverse 8.97 5,92 3,18 2.60 11.8 8.89 3.62 3.44 9.57 6,16 3,13 2.36 10.9 5.58 3.30 2.43 8,20 5.91 3.09 2,90
Tear resistance, Machine 790 675 555 ... 855 770 595 ... 785 685 565 ... 900 765 610 ... 906 765 615 ...
ppi Transverse 795 655 540 ... 890 770 610 ... 780 680 540 ... 895 750 600 ... 885 75 605 ...

AMatrecon liner number.

bSpecimens tested at 80°C were
being extended all the way to

CExact point of yield difficult to determine because Stress-strain curve revealed a plateau and not a peak.

extended only to 200% elongation due to the limited size of the temperature chamber which prevented the specimens from

break.
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Figure 4-22.

TEST TEMPERATURE, °C

Tensile at yield and elongation at yield of five HDPE FMLs of
30 to 100 mil thickness tested at 23° to 80°C (73° to 176°F).
Specific gravity of respective HDPE FMLs, not corrected for
carbon black content, were 30 mil (269) 0.953; 60 mil (185)
0.961; 70 mil (266) 0.955; 90 mil (262) 0.954; 100 mil (288)
0.943.

Data from testing the unreinforced thermoplastic FMLs at 23°C (73°F) and
60°C (140°F) are presented in Table 4-15,

The CPE and CSPE FMLs were severely affected by the elevated temper-
ature; at 60°C, they retained approximately 10-25% of their room temperature
strength. During extension at 60°C, the CPE and CSPE FMLs underwent plastic
flow and thinning. At 60°C, the PVC and PVC-OR FMLs retained, 60-70% of
their respective room temperature strength.
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Figure 4-23, Modulus of elasticity and elongation at break of five HDPE
FMLs of 30 to 100 mil thickness tested at 23° to 80°C (73° to

176°F).

The elongation at break of these FMLs were substantially higher at 60°C
(140°F) than they were at room temperature. With the exception of the CPE
FMLs, which showed approximately 200% retention of the values for elongation
at break at 23°C (73°F), the elongation at break retention values for the
thermoplastics were similar to the retention values for the HDPE FMLs, i.e.
in the order of 140-150%.

Effect of Rate of Deformation on Puncture Resistance. Maintaining the
integrity of an FML during installation and in service is essential for the
proper functioning of a liner. During installation the FML can be punctured
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TABLE 4-15.

PROPERTIES OF

THERMOPLASTIC FMLS AT DIFFERENT TEMPERATURES

CPE CSPE pVC PVC-OR

27 mil, 30 mit, 30 mil, 30 mil, 30 mit, 30 mil, 30 mil, 34 mil, 30 mil, 30-mi1,

Direction No. 1542 No. 14238  No. 1452 No. 1482  No, 1432  No. 1462  No. 1532  No. 1552  No. 1443  No. 1502

Property of test  23°C 60°C 23°C 60°C 23°C 60°C 23°C 60°C 23°C 60°C 23°C 60°C 23°C 60°C 23°C 60°C 23°C 60°C 23°C 60°C
Tensile at break, Machine 2395  b,c 2165 285C 2350 315C 1275 335C 2865 1770 3240 1980 2765 1740 2860 1835 2655 1625 3425 1905
psi Transverse 2200 b,c 1990 b,c 2250 b,c 1210 190 2620 1585 2990 1980 274 1980 2540 1740 2275 1340 3090 2110
Elongation at Machine 440 >900b 350 800 410 835 360 410 340 510 320 440 290 410 315 460 365 490 275 365
break, % Transverse 485 »>900 470 >900b 515 »>900b 585 900 360 550 360 585 350 510 335 515 355 550 395 540
Set after Machine 220 b 125 215 215 285 135 55 95 115 75 90 65 70 75 95 75 105 30 50
break, % Transverse 200 b 120 b 190 ... 250 200 110 135 95 135 105 115 80 120 70 15 75 145
Stress at 100% Machine 905 305 1040 305 1340 365 1120 360 1470 540 1680 660 1600 665 1495 585 1235 480 2110 885
elongation, psi Transverse 605 210 465 140 670 190 620 150 1315 470 1490 500 2410 570 1315 520 1085 385 1515 540
Stress at 200% Machine 1240 350 1445 340 1620 380 1240 355 2065 815 2405 1040 1800 735 2250 1055 2120 915 2975 1405
elongation, psi Transverse 875 205 710 130 990 170 745 165 1820 675 2080 755 1560 570 1965 870 1835 735 2080 840
Tear resistance, Machine 230 130 190 130 245 150 295 115 370 195 380 235 325 175 375 205 345 190 420 220
ppi Transverse 215 100 195 80 230 115 255 100 335 205 350 225 275 170 345 205 345 190 35 205

aMatrecon liner number.

bThe limited size of the elevated-temperature chamber prevented the test specimens from being stretched all the way to break.
CIn the process of being extended at 60°C, the thermoplastic CPE and CSPE FMLs underwent plastic flow and thinning.

strength occurred before break.

Note: CPE Liner No. 154 went through a maximum at approximately 100% elongation.

CPE (154)
CPE {142)
CPE (145)

CSPE (148)

Machine

Transverse

Machine

Transverse

Machine

Transverse

Machine

Transverse

tensile strength, psi

Maximum

440
>245

420
195

390
145

same as break

Elongation at
maximum tensile strength, %

ca 400
>900

ca 400
ca 100

ca 425

<100

ca 125

Consequently, maximum tensile
Maximum tensile strength values and the recorded elongation values at the maximum tensile values are as follows:



by the accidental dropping of tools, by machinery, or by other equipment.
Once a hole is made, it is difficult to detect as the FML is often black and
may be soiled during installation. Puncturing may also take place during
placement of a soil cover on the FML because of falling rocks and other sharp
objects and, once the FML is covered, the holes are not visible. Once in
service, the FML may be penetrated or punctured slowly from the load placed
on the FML or from hydraulic pressure when the FML bridges a small cavity.
Uncovered FMLs may be subjected to traffic damage and possibly to damage by
animals, such as from deer hooves, rodent burrows, and birds. Consequently,
high resistance to puncture is an important property of FMLs, especially
because of the difficulties involved in detecting holes and repairing in-
place Tiners.

Since FMLs are viscoelastic, the rate of deformation can have a signi-
ficant effect on the force required to puncture them. The effect of the rate
of deformation on puncture resistance test results was studied by Matrecon.
Testing was performed in accordance with FTMS 101C, Method 2065, which is
described in Section 4.2.2.5.2. In this procedure, a 0.5-in. diameter probe
with one end tapered to a 0.125-in. radius penetrates a 2-in.-sq test speci-
men that is confined between two plates through which a 1-in., diameter hole
has been drilled.

Figure 4-24 presents the results of testing both an unreinforced thermo-
plastic FML (30-mil PVC 137) and an unreinforced crosslinked FML (45-mil EPDM
166) at 0.2, 0.5, 1.0, 2.0, and 20 ipm. The range of the test results at
each speed of deformation is indicated by the use of bars. These results
show that a slower rate of puncture will result in a slightly lower puncture
resistance value for these types of FMLs.

Because of the known susceptibility of semicrystalline materials to
test speed, two different HDPE FMLs produced by the same manufacturer at 0.2,
0.5, 1.0, 2.0, 5.0, and 20 ipm were also tested. One was 35 mils in thick-
ness, and the second was 85 mils in thickness. These results are presented
jn Figure 4-25. The range of test results for each speed of test is indi-
cated by the use of bars. The results show a somewhat greater susceptibility
to speed in comparison with the results of testing the crosslinked and
thermo-plastic sheetings, particularly with the thicker sheeting. It should
be noted that the values reported for puncture testing are absolute values
and no corrections for variations in thickness are made. Some of the vari-

ability in test results is caused by variations in the thickness of the
tested specimen.

The results of this testing indicate that:

- The rate of deformation affects the amount of force required to
puncture an FML.

- The crosslinked, the thermoplastic, and the semicrystalline FMLs
tested had a log-linear relationship between rate of test and maximum
force. The slope of this relationship was dependent on both the
thickness and the composition of the FML.
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Effect of Thickness on Puncture Resistance. Another important variable
that affects the puncture resistance of an FML is its thickness. This
variable was investigated by determining the puncture resistance of a series
of HDPE FMLs of different thicknesses that had been produced by the same
manufacturer. These thicknesses ranged from 22 to 112 mils. The results are
presented in Figure 4-26, which shows an almost linear relationship between
force at puncture and thickness.
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0 20 40 60 80 100 120 140

Thickness, mil

Figure 4-26. Force at puncture (FTMS 101C, Method 2065) vs thickness of test
specimen for six different HDPE FMLs produced by the same
manufacturer.

Effect of Lubrication on Puncture Resistance. FMLs 1in service are
normally damp or wet on both surfaces, under which condition they are more
likely to be punctured. Two studies of the effect of lubricating the probe
used to puncture test specimens on puncture resistance, as measured in
accordance with FTMS 101C, Method 2065, were performed by Matrecon. In the
first study, two HDPE FMLs (Nos. 358 and 359) were tested. These FMLs were
produced by different manufacturers and were of different thicknesses. The
probe was lubricated with either SAE 30 o0il or castor oil. The results of
testing these FMLs with and without lubrication are compared in Table 4-16.
The lubrication caused a 6-8% loss of maximum force, which in the case of
these FMLs was the force at yield. Lubrication probably did not affect
deformation at the initial yield. The force and deformation at puncture
values showed somewhat more significant losses.
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In the second study, the combined effect of lubrication and speed of
test were investigated. A 40-mil FML (HDPE 419) was tested at two different
speeds, 2 and 20 ipm, with the probe lubricated with either glycerine, castor
0oil, or SAE 30 oil. The results are presented in Table 4-17. As in the
previous study, 1lubrication caused Tlosses in maximum force and in force
and deformation at puncture. In addition, deformation at initial yield
appeared to be affected. Lubrication had more of an effect on the 20 ipm
testing than the 2 ipm testing, as can be seen in Figure 4-27.

TABLE 4-16. THE EFFECT OF LUBRICATING THE TIP OF THE PROBE WITH SAE
30 OIL AND CASTOR OIL ON THE PUNCTURE RESISTANCEa OF TWO HDPE FMLS

FML number
358 359
Castor Castor
Measurement None SAE 30 oil None SAE 30 oil

Thickness, mil 89.3 89.4 89.6 102.2 101.5 101.8

Maximum forceb, 1b 141.0 133.2 129.2 170.2 157.7 157.4
Deformation at

maximum force, in. 0.28 0.27 0.27 0.28 0.27 0.26

Force at puncture, 1b 129.2 106.4 96.1 139.3 113.2 104.6

Deformation at puncture,
in. 0.62 0.56 0.54 0.60 0.52 0.51

aMeasured in accordance with FTMS 101C, Method 2065. AIll1 results are
averages for five test specimens.

bMaximum force occurred at initial yield.

Multiaxial Strain-Stress Behavior of FMLs. Tensile and tear property
testing are often performed as if they can give some indication of the
strength of an FML in the field where it is subjected to stresses in three
dimensions. Data on tensile and tear properties that are usually reported
and used in specifications for FMLs are obtained in tests run in only one
direction at a time. If there is a grain introduced during manufacture, the
FML is tested in both the machine and transverse directions. This type of
test is satisfactory for amorphous thermoplastic materials. However, the
stress-strain behavior of semicrystalline FMLs or FMLs which crystallize
on stretching when deformed simultaneously in two or three directions is very
different from the stress-strain behavior of these materials when deformed in
only one direction.

To assess multiaxial tensile properties of FMLs, Steffen (1984) con-
structed the testing device shown in Figure 4-28. This device, which is a
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tests; diameter of vessel is 1 m. (Based on Steffen, 1984,
p 181).
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TABLE 4-17. COMBINED EFFECTS OF LUBRICATION OF THE PROBE AND THE SPEED
OF DEFORMATION ON THE PUNCTURE RESISTANCEa OF A 40-MIL PE FML (NO. 419)

Test speed, ipm

2 20
Glyc- Castor Glyc- Castor

Measurement None erine oil SAE 560 None erine oil SAE 50
Thickness, mil 34.8 34.8 35.3 36.0 35.7 36.0 36.3 35.8
Maximum force,

1b 52.1b 47.4¢ 43.4d 46.0d 59.5b 48.3d 47.0d 46.1d
Deformation at

initial yield,

in. 0.29 0.24 0.23 0.24 0.27 0.23 0.23 0.24
Force at

puncture, 1b 47.5 47.4 35.1 40.5 54.9 43.9 37.9 42.1

Deformation at
puncture, in. 0.72 0.63 0.44 0.52 0.78 0.54 0.45 0.53

aMeasured in accordance with FTMS 101C, Method 2065. A1l results are
averages.

bMaximum force occurred at secondary yield, i.e. when a second area which
was being deformed by the probe began to yield.

CMaximum force occurred at puncture.
dMaximum force occurred at initial yield.

1 m diameter pressure vessel, can perform bursting tests on circular speci-
mens 1 m in diameter which may or may not include a seam. The FML specimen
is fixed in the pressure vessel between the lower and the middle section.
The specimen is loaded with pressure from the upper side, and deformation of
the specimen and pressure are measured. It was found that the deformation
line approximates the form of a section of a ball. The strain and stress
for the different stages of the tests are calculated. Normaliy the test is
continued up to the bursting point.

Figure 4-29 presents the results of testing 9 different FMLs. The
thicknesses of the FMLs are included in the figure so that the stress values
for these materials can be corrected for thickness. The materials tested
included two HDPE FMLs, one PVC, one EPDM, two rubber-modified bitumens [i.e.
one standard ethylene copolymer with bitumen (ECB) material and one modified
ECB], a bituminous FML reinforced with both a net and polyester film (BIT),
and one butyl (IIR) FML.
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Figure 4-29., Results of three-dimensional stress-strain testing of nine
FMLs.  Numbers 1in parentheses indicate FML thickness in mm.
(Based on Steffen, 1984, p 182).

The results presented in Figure 4-29 show that the two PE FMLs failed
at a strain of 9 and 15%, respectively. Note: Some reviewers indicated that
these values are abnormally low for HDPE. These strain results are ap-
proximately 1 to 2% of the strain at breaks that are usually obtained in
uniaxial stress-strain tests and approximately 50% of the strain at the
tensile yield point results. These results differ greatly from the strain at
break values reported by manufacturers of HDPE FMLs. These low values for
strain at failure resulting from multiaxial testing seem to be at least one
of the reasons for failure of some HDPE FMLs 1in practice. However, the
differences between the breaking loads in uniaxial tests and in triaxial
tests are not so great.

FMLs that did not contain any crystallinity failed at a lower load and
at a higher strain than the HDPE FMLs. For these materials, the difference
between the strain at failure in uniaxial testing and those in triaxial test-
ing is not as large. The strain values in the triaxial tests are approxi-
mately 10% of those in the uniaxial tests.

Failure of the HDPE FMLs occurred in a small area either after a high
elongation in this area or with a spontaneous break. The FMLs without any
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crystallinity usually failed after a high elongation in wide areas of the
test specimen. To find the correlation between the thickness of an FML and
the strain at failure, tests were made of three different thicknesses of HDPE
FMLs, all of which were of the same composition. Thicknesses ranged from 1.6
mm to 2.7 mm (63 to 106 mils). The results are shown in Figure 4-30. The
1.68-mm FML has a strain at failure of 7.4%, the 2.10-mm FML a strain at
failure of 10.2%, and the 2.70-mm FML a strain at failure of 12.4%. These

results show that the thickness of an HDPE FML affects how much it can deform
without failure.
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Figure 4-30. Relationship between thickness of FML and pressure and strain
at failure for three different FMLs of the same composition.
(Based on Steffen, 1984, p 183).

4.2.2.4.3 Chemical properties--The resistance of an FML to various
chemicals determines how the FML will interact with a waste liquid. Most
FMLs will absorb constituents of waste liquids and swell during exposure to
liquids containing organics, though some shrink; for example, highly plas-
ticized FML compositions, such as PVC FMLs, can lose plasticizer and other
components and shrink. These two processes can take place simultaneously
so that, in the case of plasticized compositions, the plasticizer can be
extracted and, simultaneously, the organic constituents in a waste liquid can
be absorbed and result in either a net swelling or loss.

Absorption of water and organics in the waste liquid by an FML and the
resultant swelling can cause deterioration of many physical properties. When
the physical properties of an FML have deteriorated on exposure to a waste
liquid, it is likely that there has also been swelling. However, physical
properties of FMLs other than tensile strength, elongation at break, tear
resistance, puncture resistance, and permeability can be affected by organics
and waste liquids without showing much swelling. Of particular importance
are the effects on semicrystalline FMLs which can, under simultaneous ex-
posure to waste liquids and mechanical stress, be subject to environmental
stress-cracking (ESC) and rupture. This type of failure can be minimized by
controlling molecular weight (MW) and MW distribution.
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The chemical properties of an FML that affect the magnitude of its
swelling in a liquid include the following:

Solubility parameters of the polymer with respect to those of con-
stituents of the liquid.

Crosslinking of the polymer.

Crystallinity content of the polymer.

Filler content of the compound.

Plasticizer content of the compound.

Soluble constituents in the compound.

Molecular weight and MW distribution.

Due to differences in polymers and in compounding, some of these properties
do not apply or are not important for every FML.

For rubber and noncrystalline or amorphous polymers, the solubility
parameters are probably the most important factor in swelling and are used
by polymer scientists to measure the compatibility of an amorphous polymeric
composition with a liquid with which it may be in contact.

Crosslinking of a noncrystalline polymer or a rubber reduces its ability
to swell in a liquid which has solubility parameters similar to those of the
polymer. The amount of swelling of a crosslinked polymer in a good solvent
for the raw polymer can be used as a measure of the degree of crosslinking:
the greater the crosslinking, the less the swelling.

Crystallinity of a polymer acts much like crosslinking to reduce the
ability of a polymer to dissolve. The crystalline domains of most polymers
do not readily absorb organics at normal ambient temperatures. Highly
crystalline polymers, such as HDPE, will swell slightly in gasoline but will
not dissolve, even though they are both hydrocarbons.

Two additional factors in FML compositions that also can affect the
magnitude of swelling of noncrystalline polymers are the amount of particu-
late filler used in the compound recipe, e.g. carbon black, silica, or clay,
and the amount of plasticizer. As with the crystalline domains in semi-
crystalline polymers, nonporous particulate fillers such as those listed
do not absorb organics. In the case of plasticizers, they are generally
extractable by organic solvents, and most are only slightly extractable by
water,

Rubber and plastic compounds may contain minor amounts of water-soluble
inorganic salts which enter the compound via the polymer itself, e.g. cata-
lyst traces, salt used in flocculation, etc., and via small amounts in the
various compounding ingredients, e.g. many of the non-black fillers contain
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small amounts of water-soluble constituents. These water-soluble salts can
cause swelling by diffusion of water into the mass by the driving force of
osmosis.

Solubility parameters have found wide use in determining the solubility
of polymeric materials in various organics. Some of the many applications
are reviewed by Barton (1975). Also of particular interest are the uses of
these parameters 1in studying the plasticization of polymers, in preparing
rubber blends, and in designing rubber and plastic compositions for contact
with various oils, hydraulic fluids, and gasoline (Beerbower et al, 1963 and
1967).

The Hildebrand solubility parameter ( &p) and cohesive energy density
(CED) are foncepts related by the following equation (Hildebrand and Scott,
1950, p 56):

So = (CED)Y/2 = (aE/Vy)1/2 (4-3)
where

AE = the energy required to vaporize one mole of material, and

Vp = the molar volume.

Thus, &5 is a measure of the potential energy of any material with respect
to its energy in an entirely disassociated form and is free of any intermole-
cular interactions. Intuitively, two different organics of exactly equal
potential energies should be mutually miscible in all proportions with no
loss or gain of energy. This model of solubility, termed the solubility
parameter model, was developed by Hildebrand (Hildebrand and Scott, 1950,
p 119) and may be expressed by the equation:

AEmix = X1 X2 (81 - &)2 , (4-4)
where
AELix = the energy of mixing,
X1,2 = the volume fractions of components 1 and 2, and
61,2 = the solubility parameters of components 1 and 2.

Clearly, the mathematical model agrees with intuition in concluding that
equal solubility parameters imply no energy change on mixing.

The potential energy of organics may be simply expressed as &, but is

in fact a sum of energies due to several different types of molecular inter-
action. These include dipole-dipole interactions, London dispersion forces,
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hydrogen-bonding effects, and at very close distances, repulsive effects.
These energies are approximately additive (Hildebrand and Scott, 1950, p 56;
Gardon and Teas, 1976, p 428; Hansen, 1967, p 104):

Etotal = E1 +E2 +Eo + . . . (4-5)
From the relationship betweeen §and AE, it follows that:

2
6fota] = 6F + 55+ 5+ . .. (4-6)

Consideration of the individual contributions of the solubility parameter
components becomes quite important in determining the solubility of complex
systems such as polymers. These do not behave in the "ideal" manner assumed
in construction of the solubility parameter model and consequently solubility
is sensitive to variations in the component solubility parameters, not just
the overall solubility parameters.

In order to properly describe the solubility of polymers, models more
complex than Hildebrand's solubility parameter model are required. The most
important model of this general form was proposed by Hansen (1967) and is
termed the three-dimensional solubility parameter model. It is written as:

2
Stotal =84 * Sp * 6h (4-7)
where
Stotal = total Hansen solubility parameter,
84 = the contribution to the total solubility parameter due to

intermolecular London dispersion forces,

6p = the contribution due to intermolecular dipole inter-
actions, and

8 = the contribution due to intermolecular hydrogen-bonding.

Approaches taken by various researchers are described in Beerbower et al
(1963), Gardon and Teas (1976), and Van Krevelen and Hoftyzer (1976).
Comprehensive tabulations of solubility parameters for common solvents and
other organic chemicals have been made by Barton (1975 and 1983). A general-
ly useful model will probably require parameters defining polymer crosslink-
ing and crystallinity as well as polymer solubility parameters, and may well
not be amenable to a simple graphic presentation.

To determine the solubility parameters of FMLs and the effect of various

chemical properties on swelling, Haxo et al (1987b) determined equilibrium
swelling of 28 FML-related polymeric compositions in 30 organics and DI
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water. These 28 polymeric materials included thermoplastic, crosslinked, and
semicrystalline compositions, of which 22 were commercial FMLs or sheetings
and six were laboratory-prepared compositions. Within these 28 compositions,
basic polymer and compound variations (such as polymer types, level of
crystallinity, crosslink density, filler level, and amount and type of
plasticizer) were included.

The 30 organics covered a wide range of Hildebrand solubility parameters
as well as the component solubility parameters, i.e. the dispersive (84),
polarity (8p), and hydrogen-bonding (8p) components. The organics were
selected by a computer program to cover the ranges of the component solu-
bility parameters. Selection was made from a list of 131 organics for which
solubility parameter data were available.

Equilibrium swelling was measured by weighing specimens of the polymeric
compositions that had been immersed in the individual neat organics until
there was essentially no change in weight. Each of the solubility param-
eters, including the Hildebrand and component parameters, were then cal-
culated from the swelling data for each of the polymeric compositions through
a computer program which generated the curve that best fit the data for that
parameter. The results of these solubility parameter determinations are
presented in Table 4-18.

The most significant results of this study were:

- The crystallinity of the polymer appeared to be the dominant factor
in reducing the swelling of a polymeric composition in all of the
organics and appeared to override both the crossliinking and the
proximity of the solubility parameters.

- The crosslinking of an amorphous polymer reduced swelling in all of
the organics compared with the uncrosslinked polymer. Increasing the
crosslinking density reduced the swelling.

Note: The crystallinity and crosslinking factors are not addi-
tive. The introduction of crosslinking in semicrystalline
polymeric compositions tends to reduce the amount of
crystallinity.

Though the magnitude of swelling of amorphous polymers can, in many
instances, be estimated from the proximity of the values of the component
solubility parameters of the polymer and those of the organic, the swelling
of the FML in many combinations can only be roughly estimated based on the
type of organic. The matching of the Hildebrand solubility parameter values
remains a necessary, but not sufficient condition for swelling. Swelling
tests should be performed to ensure that an amorphous FML does not swell in a
particular organic. Thus, empirically derived data are still needed for
untested combinations of organics and FMLs.

4-79



TABLE 4-18. SOLUBILITY PARAMETER VALUES FOR FMLS AND
OTHER POLYMERIC COMPOSITIONS?

Matrecon 3v1/2
identification (cal/em3)l/ <

Polymer number 8§, 64 &  6h 8t ad

Chlorinated polyethylene 195 9.27 7.99 3.23 3.15 9.18 -0.09

335R 9.39 9.23 2,06 2.50 9,78 +0,39

378R 8.91 9.23 2.84 3.15 10.2 +1.29

Chlorosulfonated polyethylene 169R 9.52 9.13 0.93 2.60 9.54 -0.02

174R 9.39 8.91 1.76 1.52 9.21 -0.18

Doy-3€ 9.39 9.07 1.03 1.19 9.21 -0.18

D0Z-28 9.27 9.18 1.91 1.38 9.48 +0.21

DPOE 9.39 9.13 1.91 0.53 9.34 -0.0%

pppe 9.39 9.13 1.96 1.09 9.40 +0.01

Epichlorohydrin rubber 178 11.35 9.23 5.00 4.56 11.45 +0.10

11.35 9.23 5.54 4.56 11.69 +0.34

Ethylene propylene rubber 232 8.91 9.07 0.64 0.65 9.12 +0.21

Ethylene vinyl acetate 308A 9.39 8.96 0.88 0.98 9.06 -0.33

Neoprene 168 9.52 9.29 1.72 1.95 9.65 +0.13

Nitrile rubber DPNE 10.49 9.02 2.50 3.58 10.02 -0.47

Polyester elastomer 316 10.61 8.91 2.06 5.32 10.58 -0.03

323 11.35 8.91 4.02 4.12 10.61 -0.74

Polybutylene 221A 7.69 7.49 0.05 0.43 7.50 -0.18
Polyethylene:

Low-density 309A 7.81 9.45 0.05 0.11 9.45 +1.64

Linear low-density 284 8.17 9.02 0.05 0.43 9.03 +0.86

High-density 184 7.44 9.29 0.05 0.65 9.31 +1.87

263 7.93 8.05 0.05 0.98 8.11 +0.18

305 7.56 8.50 0.05 0.54 8.52 +0.96

HDPE/EPDM-al 1oy 181 7.69 9.07 0.15 0.76 9.10 +1.41

Polyurethane 3’1 . 11.59 8.86 3.82 5.64 11.18 -1.63

Polyvinyl chloride 153 10.13 7.99 5.39 3.91 10.40 +0.27

DPQ®e 9.64 7.83 5.64 4.34 10.58 +0.94

Elasticized polyvinyl chloride 176R 9.76 9.34 4.26 3.47 10.84 +1.09

Polyvinyl chloride (oil-resistant) 144 9.64 7.88 4.41 4.23 9.97 +0.33

2More data for these FMLs are presented in Appendix F.
bﬁo = Hildebrand solubility parameter.

Cst = total Hansen solubility parameter =-J55 + sg + GE .

dp = 8¢ - 6g-

€ aboratory-prepared compound (see Appendix F, Tables F-11 and F-12).
Source: Haxo et al, 1987b, p 41.
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4,2.2.4.4 Durability--Polymeric FMLs wused to 1line hazardous waste
storage and disposal facilities must be durable and maintain their integrity
and performance characteristics over the designed life of the specific
facility. Since the principal function of an FML is to prevent leakage and
migration of the wastes and their constituents, low permeability to the
contained materials must be maintained throughout the service life of the
FML. Also, resistance to physical damage and the integrity of the seams must
be maintained so that breaks, tears, and other holes in the liner system do
not develop. Durability is important even during installation so that an
effective barrier to waste migration can be achieved.

Ultimately, the service Tife of a given FML will depend on the intrinsic
durability of the material and on the conditions under which it 1is exposed
during service. Differences in composition and construction will cause FMLs
to vary in their response to the exposure conditions which, even within a
given facility, can differ greatly.

This subsection describes the ways in which polymeric compositions in
FMLs can degrade, and the environmental factors that can cause degradation in
these materials. These environmental factors are discussed in more detail in
Chapter 5 by the specific type of impoundment. This subsection also briefly
discusses ways of testing durability.

Intrinsic Durability of Polymeric FMLs. The intrinsic durability of an
FML depends on the polymer, the auxiliary compounding ingredients, and the
construction and manufacture of the sheeting.

A1l materials of construction are prone to deteriorate in service in
some way and eventually become unserviceable. The mode of deterioration
varies with the individual material and with the environment in which the
material is exposed. The deterioration of polymeric compositions becomes
apparent in one or more of the following ways:

- Softening and 1loss of physical properties due to polymer degrad-
ation by depolymerization and molecular scission. Some polymers
can gel and crosslink to yield brittle materials.

- Stiffening, and embrittlement due to loss of plasticizer and other
auxiliary ingredients.

- Loss of physical properties and increase in permeability due to
swelling which, in the extreme case, results in dissolution.

- Failure of FML seams due to interaction with the waste liquids
and due to stress on the seams.

Table 4-19 outlines the various degradation processes that might occur with
FMLs in a service environment.

The principal agents aggressive to polymeric compositions are heat,
oxygen, light, ozone, moisture, atmospheric NO2 and S02, solvents, low
temperatures, stress and strain, and enzymes and bacteria. All of these
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TABLE 4-19. POTENTIAL DEGRADATION PROCESSES IN POLYMERIC FMLS DURING SERVICE

Process

Effect on FMLs

In weather exposured
Oxidation

Elevated temperature

Ozone
UV light
Loss of volatile plasticizer

High humidity

In waste exposureb
Swelling

Dissolution (if solubility
parameter of waste
constituent equal that
of FML)

Extraction of plasticizer
Extraction of antidegradant

Mechanical stress

Interface of waste and weather

Biodegradation, particularly
if oxygen is present

Stiffening, chalking, and crazing,
causing losses in mechanical prop-
erties, e.g. tensile strength, elonga-
tion, tear; crosslinking and chain
scission

Reduces mechanical strength and ac-
celerates degradation, generally by
stiffening on prolonged exposure;
sometimes softens

Cracks at points of strain
Stiffens and cracks
Stiffens and can become brittle

Water absorption, leaching of
antidegradant resulting in greater
susceptibility to oxidation and UV

Softens and loses properties;
increases in permeability

Hole or general loss of barrier
function

May stiffen and lose elongation
Make more susceptible to degradation

Creep of liner; cracking and breaking

Combination of weather and waste
exposure often more severe than
either alone

Plasticizers, oils, and monomeric
organic molecules can be degraded

dLiner exposed on either a berm or a slope.

bLiner is either buried, covered, or below the waste/weather interface area.

Source: Haxo and Nelson, 1984b.
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agents can be operative in the exposure of FMLs in service. In most situ-
ations two or more of these agents act together.

FMLs rarely encounter the temperatures that would cause polymer de-
composition. Sometimes, however, the elevated temperatures involved in
weathering and possibly in handling the impoundment contents might cause
oxidative thermal degradation in the presence of oxygen.

Photodegradation is only encountered on weather-exposed surfaces.
Most polymers are susceptible to degradation on exposure to ultraviolet
1ight; however, the introduction of UV absorbers, such as carbon black and UV
stabilizers, can greatly reduce and essentially eliminate this effect for
extended periods of time.

Ozone can be particularly damaging and cause cracking in polymers
that have unsaturation in their main chains. 0Ozone-cracking can only occur
at points of strain of 15-25% or more. Of the polymers that have been used
in FMLs, only butyl rubber and neoprene have unsaturation in their main
chains and can crack due to ozone attack.

Polymeric compositions under constant or cyclic stress and strain
can fatiqgue, lose mechanical strength, and crack. Cracks and breaks can
occur in an FML under biaxial strain at significantly lower stress values
than those encountered in uniaxial tensile tests. As 1is characteristic
of all materials, polymers creep under stress, which can result in thinning
and puncturing or rupturing of an FML. Environmental stress-cracking, a type
of failure of some PEs, involves the cracking of a strained material in the
presence of aggressive chemicals or such chemicals as detergents, silicone
0oils, petroleum o0ils, linseed oils, or organic acids (Howard, 1959).

Polymers are generally considered to be resistant to biodegradation,
although some types are known to degrade (Schnabel, 1981). 0ils, plastic-
izers, and possibly other monomeric type ingredients in compounds, however,
are biodegradable in the presence of air and humidity. Their loss can
result in stiffening and embrittlement of some compounds.

Though the mechanism is primarily physical, the swelling of a polymeric
material by a solvent, including water, is considered a chemical attack on
the material. Polymeric materials can vary greatly in their interaction with
solvents. The solvents are absorbed without affecting the molecular weight
of the polymer. They generally extract plasticizers and other ingredients
that are soluble in the particular solvents. Also, it 1is possible that
solvents can dissolve some of the polymers.

Environmental Factors Affecting FMLs in Service. The environment
in which an FML must exist will ultimately determine its service life. Table
4-20 enumerates environmental factors that can affect the durability of
polymeric liners in service. These environmental factors are discussed in
detail in Chapter 5.
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TABLE 4-20. ENVIRONMENTAL FACTORS AFFECTING
DURABILITY AND SERVICE LIFE

Compatibility factors with waste liquids:
Chemical
Physical
Combination of chemical and physical

Weathering factors - geographic location:
Solar radiation

Temperature
Elevated

Depressed
Cycles and fluctuations

Water -- solid, Tiquid and vapor
Normal air constituents, e.g. oxygen and ozone
Freeze-thaw and wind

Stress factors:
Mechanical stress, sustained and periodic

Stress, random
Physical action of rain, hail, sleet, and snow
Physical action of wind
Movement due to other factors, e.g. settlement
Discontinuity at penetrations
Burden, hydraulic head
Use and operational factors:
Design of system, groundwork and installation
Operational practice

Biological factors

Source: Haxo and Nelson, 1984b.

Service Life and Durability Testing. At the present time information
exists on the outdoor exposure of polymeric materials (Strong, 1980) and
methodologies are being developed for durability testing of materials that
are exposed to weather, such as on the berms and slopes of uncovered impound-
ments and reservoirs. Rossiter and Mathey (1983) describe a methodology for
predicting the service life of single ply roofing materials which, in many
respects, may be applicable to FMLs exposed to the weather on berms and
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slopes. Durability testing of materials by immersion or intermittent im-
mersion in waste liquids for predicting service life, however, has not been
fully developed.

Laboratory tests that do exist for assessing the durability of FMLs
under different environmental conditions range from chemical analyses to
tests of mechanical properties (e.g. tensile properties, tear resistance,
puncture resistance, and impact resistance) after exposure to high and Tow
temperatures, to ozone while under strain, to UV light, and to stress and
strain for extended periods of time. Some of these tests are discussed
below in the subsection, "Testing and Evaluation of FMLs."

A chemical compatibility-type test, EPA Method 9090, in which samples of
lining materials are immersed has been developed (EPA, 1986). This test is
discussed in more detail in Chapter 5. In this test the retention of select-
ed properties are observed as a function of immersion time. This test,
however, does not indicate the effect of immersion under strain and other
mechanical stresses due to temperature cycling, soil settlement, etc.

Maximum changes 1in properties that can take place without affecting
overall performance have not been established. Nevertheless, laboratory
testing of several properties can yield data indicative of durability.

For the development of realistic laboratory tests that can predict the
performance and durability of FMLs and components of liner systems in service
knowledge is needed regarding actual performance and durability of these
materials in service. Information with respect to the type of distresses and
failures that these materials encounter in service is necessary to develop
and select tests that correlate with service. However, comparatively little
information of this type has become available in the public domain. Much
dependence has been and is still being placed on the knowledge of the per-
formance of FMLs and other components in applications and under service
conditions that may be similar to those encountered in waste containment.

4,2.2.5 Testing and Laboratory Evaluation of FMLs--

Because of the wide range of compositions and differences in the con-
struction of polymeric FMLs, different groups of index tests have been
developed for different polymeric FMLs.

The methods used for testing a specific FML will depend on the type
of FML being tested. Because sheetings used as FMLs have been developed by
three different industries (rubber, plastics, and textile), there are three
groups of standard index test methods. Some methods used to test one type of
FML are inappropriate for other types; for example, using a dumbbell with a
1/4-in. restricted area, which is used to test rubber vulcanizates, is un-
satisfactory for measuring the tensile properties of fabric-reinforced FMLs.
From the point of view of testing, there are four types of polymeric FMLs:

- Thermoplastic or uncrosslinked polymeric FMLs (TP).
- Vulcanized or crosslinked elastomeric FMLs (XL).
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- Semicrystalline thermoplastic polymeric FMLs (CX).

- Fabric-reinforced FMLs manufactured with either crosslinked or
thermoplastic polymers.

The types of testing performed on an FML may depend on the reason for
the testing. Before an FML is selected and purchased, the designer and/or
site owner tests various FMLs to determine whether any meet the design
requirements of the facility. These tests include a determination of the
compatibility of the FMLs with the waste to be contained and assess their
potential performance in service. Sheeting may also be tested to charac-
terize or to "fingerprint" the material. The concept of fingerprinting is
discussed in more detail in the following subsection. Testing a polymeric
FML at the time of installation has three uses: (1) to assess the quality of
the specific sheeting being placed at a site, (2) to determine if it is the
same material that was prequalified during initial selection, and (3) to
provide a baseline for assessing the effects of exposure on the FML., Testing
samples during service can be performed to assess the performance or the
condition of the FML and the seams. Eventually, correlations may be de-
veloped between simulation tests and field performance to yield tests that
can effectively predict the field performance of an FML in a given situation.

During an exposure, a change in one property is usually accompanied
by changes in other properties. No single property of an FML, however, has
been correlated with the performance or failure of an FML in the field.
Thus, a group of test methods is necessary to evaluate and characterize FMLs,
especially in assessing the effects of exposure or service. These methods
can be categorized into five groups:

- Analyses to fingerprint and assess composition.

- Tests of physical properties, including information regarding con-
struction and dimensions of the membrane.

- Tests to assess permeability characteristics.

- Tests to determine properties in stress environments, including
accelerated aging tests, tests in specific exposures, and compati-
bility tests; these include tests that assess the durability of
FMLs under conditions that simulate actual field service.

- Performance tests to determine actual engineering properties of
an FML that are needed for designing a liner system.

These analyses and tests can include measurements of the following
properties:

- Analytical properties:
--Volatiles.

--Ash.
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--Extractables.
--Gas chromatography.
--Pyrolysis gas chromatography.
--Infrared spectroscopy.
--Specific gravity.
--Thermogravimetric analysis.
--Differential scanning calorimetry (if FML 1is semicrystalline).
--Melt index (if FML is semicrystalline).
--Molecular weight (average) and molecular weight distribution.
- Physical properties:
--Thickness.
--Tensile properties.
--Modulus of elasticity (if FML is semicrystalline).
--Hardness.
--Tear resistance.
-~Puncture resistance.
--Hydrostatic resistance.
--Strength of factory and field-prepared seams.
- Permeability characteristics:
--Water vapor transmission (WVT).
--Solvent vapor transmission (SVT).
--Gas permeability.
--Pouch test.
- Tests that measure environmental and aging effects:
--Resistance to ozone-cracking.

--Resistance to environmental stress-cracking (if FML is semi-
crystalline).
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--Low-temperature properties.
--High-temperature properties.
--Air-oven aging.
--Dimensional stability.
--Water absorption.
--Liner-waste compatibility testing.
--S0il burial.
--Pouch test.
--0utdoor exposure:
--Exposure of test slabs.
--Bent loops.
--Exposure in tubs filled with a waste liquid.

--Accelerated outdoor weathering using concentrated natural
sunlight (ASTM Methods D4364 and G-90-EMMAQUA).

- Performance tests:
--In-s0il stress-strain tests.
--In-soil creep tests.
--Shear strength between FMLs and soils.
--Anchorage or embedment depth of an FML.
--Puncture (hydrostatic) resistance.

Performance of these tests are the basis of a testing protocol that can
be used to characterize the properties of an FML and to assess the effects of
environmental exposure. The subsequent paragraphs discuss these tests and
how they can be used to evaluate polymeric FMLs. Selected properties of
unexposed polymeric FMLs are presented in Appendix F.

4,2.2.5.1 Analytical properties of polymeric FMLs--Table 4-21 Tlists
appropriate or applicable test methods for determining the analytical
properties of FMLs., The results of determining the volatiles, extractables,

ash content, and specific gravity of a group of unexposed polymeric FMLs are
presented in Table 4-22.
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68-¥

TABLE 4-21. APPROPRIATE OR APPLICABLE METHODS FOR TESTING ANALYTICAL
PROPERTIES OF POLYMERIC FMLS
FML without fabric reinforcement
Property Thermoplastic Crosslinked Semicrystalline Fabric reinforced
Volatiles Appendix G Appendix G Appendix G Appendix G
‘ (on selvage and rein-
forced sheeting)
Extractables Appendix E Appendix E Appendix E Appendix E
(on selvage and rein-
forced sheeting)
Ash ASTM D297, ASTM D297, ASTM D297, ASTM D297, Section 34
Section 34 Section 34 Section 34 (on selvage)
Specific gravity ASTM D792, ASTM D297, ASTM D792, ASTM D792, Method A
Method A Section 15 Method A (on selvage)
Thermal analysis:
Differential scanning
calorimetry (DSC) na na yes na
Thermogravimetry (TGA) yes yes yes yes
Melt index na na ASTM D1238 na

na = Not applicable.



TABLE 4-22. ANALYSIS OF UNEXPOSED POLYMERIC FMLS@, b
Property
Extract-
Base polymer, Specific Volatiles, ables, Ash,
Polymer specific gravity® gravity % % %
Butyl rubber 0.92 1.206 0.45 10.96 5.25
1.176 0.46 11.79 4,28
Chlorinated 1.16-1.26 1.360 0.10 7.47 14,40
polyethylene 1.362 0.00 9.13 12,56
1.377 0.05 6.02 17,37
Chlorosulfonated
polyethylene 1.08 1,433 0.84 1.49 33.95
1.343 0.51 3.77 3.28
Elasticized 0.92 0.938 0.15 5.50 0.90
polyolefin
Epichlorohydrin 1.27-1.36 1.490 0.63 7.27 4,49
rubber
Ethylene propylene 0.86 1.173 0.38 23.41 6.78
rubber 1.122 0.50 31.77 5.42
1.199 0.31 18.16 0.32
Neoprene 1,25 1.503 0.76 10.15 12.98
1.480 0.19 13.43 13.43
1.390 0.37 21.46 4,67
Polybutylene 0.91 0.915 0.12 4,42 0.08
Polyester elastomer 1.17-1.25 1.236 0.26 2.74 0.38
Polyethylene 0.92 0.921 0.18 2.07 0.13
(Tow-density)
Polyethylene 0.96 0.961 0.12 20.60 0.46
(high-density)
Polyethylene (high- 0.95 0.949 0.11 2.09 0.32
density) alloy
Polyvinyl chloride 1.40 1.275 0.11 33.90 6.20
1.264 0.09 37.25 5.81
1.231 0.05 38.91 3.65
1.280 0.31 35.86 6.94
1.308 0.03 25.17 5.67

aSource of some of the data: Haxo et al, 1982.

bEach 1ine of data represents the results of testing one liner sample.
Multiple lines of data for a specific polymer type represents the

results of analyzing samples from different manufacturers.

CBased on information supplied by the polymer manufacturers.
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Volatiles. The volatile fraction is defined as the weight lost by
an FML specimen on heating in a circulating air oven at 105°C for 2 hours.
Polymeric compositions generally contain a small amount of volatiles (<1.0%),
mostly absorbed moisture. A detailed description of the procedure for
determining volatiles is presented in Appendix G. The recommended test
specimen size is a 2-in. diameter disk.

Volatiles should be removed before determining ash, extractables, and
specific gravity. Ash and extractables are reported on a dry basis (db).
Volatiles contents of representative FMLs are presented in Table 4-22.
Monomeric plasticizers, which are generally used in PVC liner compositions,
are somewhat volatile and can slowly volatilize at 105°C. Thus, heating
specimens to 105°C in an air oven to determine volatiles content must
be Timited to 2 hours to prevent plasticizer volatilization.

Determination of volatiles is generally the first test performed on an
exposed FML sample and needs to be run as soon as possible after the sample
has been removed from exposure. This test indicates the amount of volatile
constituents that has been absorbed by the FML during exposure. In cases
where it is not possible to measure the increase in weight of an exposed
sample directly, the weight increase can be approximated using the following
formula:

L v
Weight increase, % = TTETT_VE'X 100% , (4-8)

where

VE

percent volatiles of the sample after exposure.

This formula assumes that the volatiles content of the unexposed FML was
equal to zero.

If the volatiles specimen from an exposed sample is to be used for
measuring specific gravity, care must be taken to avoid causing a "skin" to
form on the surface of the specimen, which is the result of trying to remove
the volatiles too quickly at too high a temperature. For example, in measur-
ing the volatiles of an exposed CPE FML, a disk specimen heated at 105°C
developed blisters that were caused by the surface sealing in the volatiles
in the center of the specimen. To prevent this from happening, specimens can
be taken up to temperature very gradually. A procedure that has been used
allows specimens to dehydrate for 1 week in moving air. The specimens are
then heated in a circulating air oven for 20 h at 50°C over a desiccant and
then for 2 h at 105°C. In the case of highly swollen samples, disk specimens
can also be allowed to come to constant weight at 50°C before being placed in
the 105°C oven. After the volatiles are removed, the exposed materials can
be subjected to other tests, including specific gravity, extractables,
ashing, etc.
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Inasmuch as the volatiles contain both water and organic components,
it may be desirable to distinguish between the two. The disk specimen can
be heated at 50°C for 4 days in a small, individual desiccator containing
calcium chloride to remove the moisture without removing the organic vola-
tiles. The organic volatiles can then be removed by heating the specimen
for 2 h at 105°C in a circulating air oven, The composition of the organic
volatiles can be determined by headspace gas chromatographic analysis of
vapors sampled from a sealed can in which a specimen has been heated.

Total volatiles can also be determined through the use of TGA which
is discussed in the paragraphs on TGA. The composition of the volatiles
can be determined by head space analysis, such as described under gas
chromatography.

The volatiles test can also be used to determine the direction of the
grain that has been introduced in an FML during manufacture. By identifying
the orientation of the specimen with respect to the sheeting at the time the
specimen was died out, the grain direction can be identified. The grain
direction must be known so that tensile and tear properties can be determined
in machine (grain) and transverse directions. Upon heating in the oven at
105°C, sheeting with a grain will shrink more in the grain direction than in
the transverse direction (Figure 4-31). With semicrystalline FMLs, such as
HDPE, which have higher softening or melting points, it may be necessary to
heat the disk to higher temperatures to observe the shrinkage.

GRAIN GRAIN

-

As received After air-oven heating
2 h at 105°C

Figure 4-31. Determination of grain or machine direction.

Testing the volatility of plasticizers in PVC compositions can also
be performed in accordance with ASTM D1203. In this test, activated char-
coal 1is used to absorb volatilized plasticizer under a controlled set of
conditions.
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Ash. The ash content of an FML is the inorganic fraction that remains
after a sample, from which the volatiles have been removed, is thoroughly
burned at 550$25°C in a muffle furnace. The ash consists of the inorganic
ingredients that have been used as fillers and components of the curative
system in the liner compound, and the ash residues from the polymer. Dif-
ferent FML manufacturers formulate their compounds differently, and the ash
content is part of the "fingerprint" of a polymeric FML compound. The
residue obtained by ashing can be retained for other analyses (such as trace
metals analyses) needed for further identification. The test method des-
cribed in ASTM D297 is generally followed in performing this analysis. Ash
contents of representative FMLs are presented in Table 4-22. Ash content can
also be determined by TGA.

The ash content of an exposed FML sample can differ from that of the
unexposed FML, depending on how many nonvolatile organics were lost or gained
during the exposure period. For example, if plasticizer is lost, the ash
content will increase because of the decrease in nonash content, i.e., the
plasticizer, in the dried specimen. Also, if any organic metal compounds
are absorbed by the FML, they will increase the ash content. A comparison of
the elemental analysis of the ash with that of the original FML will deter-
mine whether any absorption of metal species occurred during the exposure.
No such absorption, however, has been observed in work performed by Matrecon,
even though organic metals can be absorbed.

Extractables. The extractable content of a polymeric FML is the frac-
tion of the compound that can be extracted from a devolatilized sample of
the FML with a suitably selected solvent that neither decomposes nor dis-
solves the base polymer. Extractables consist of plasticizers, oils, or
other solvent-soluble constituents that impart or help maintain specific
properties, such as flexibility and processibility. Measuring the extract-
able content is important in fingerprinting an FML. The extract and the
extracted specimen obtained by this procedure can be used for further an-
alytical testing (e.g. gas chromatography, infrared spectroscopy, ash,
thermogravimetry, etc.) and fingerprinting of the FML. A detailed des-
cription of the procedure for determining extractables is presented in
Appendix E. This procedure generally follows ASTM D3421 and D297.

Extractables of exposed FMLs may differ from the original values because
of the loss of extractable components to the waste 1iquid and because of
absorption of nonvolatile organics, e.g. oils. For example, if the FML has
been in contact with wastes containing nonvolatile constituents, the extract-
ables recovered may be greater than the original values. The extracts can be
analyzed by gas chromatography and infrared analysis to study the nonvolatile
organics that were absorbed, thus indicating which constituents of the waste
are aggressive to the FML, because they are the constituents that were ab-
sorbed. Even though these constituents may show up in only minor amounts
in a waste analysis, they may be scavenged by an FML because of their
chemical characteristics, e.g. their solubility parameters.

Because of the differences between the polymers used in FML manufacture,
a variety of extracting media must be used. The solvents found to be the
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most suited for determining the extractables of FMLs of each polymer type are
listed in Appendix E. However, because FMLs can be based on polymeric alloys
marketed under a trade name or under the name of only one of the polymers,
this list has only served as a guideline for choosing a suitable solvent for
determining the extractables. When extractables determinations are being
used to assess the effects of exposure 1in an exposure study, and once a
suitable solvent has been found, it is important that the same solvent be
used for determining the extractables across the range of exposure periods.
Typical values for the extractables in FMLs are given in Table 4-22.

Gas Chromatography. Gas chromatography (GC) can be used to find the
level of a specific plasticizer that has been compounded into an FML, e.g.
the level of diethylhexyl phthalate (DEHP), a dioctyl phthalate (DOP), in a
PVC FML. Gas chromatography separates organic compounds from a mixture
based on their boiling points and polarities. A small sample of mixture
is injected into a gas chromatograph and the components of the mixture are
separated in a column through which an inert gas, such as helium or nitrogen,
is flowing. The compounds that are most volatile and least polar elute
first and are detected by ionization in a hydrogen/oxygen flame. Organic
compounds can be characterized by their retention time on the column at a
certain temperature. Thus, small amounts of a complex mixture can be tenta-
tively identified or compared to other mixtures based on similar retention
times. For positive identification, additional corroborative analysis, such
as mass spectrometry, would be necessary.

A typical gas chromatographic procedure for determining the type and
amount of plasticizer involves measuring the level of a plasticizer in
the redissolved extract from an FML. A weighed sample of FML is extracted
with an appropriate solvent. The extract is evaporated to dryness over a
steam bath to determine its weight. The dry residue is redissolved in
solvent and brought to an accurately known volume. Following the development
of appropriate chromatographic conditions, the solution is injected into the
gas chromatograph. Using predetermined retention times of specific plasti-
cizers, the unknown plasticizer constituents can be identified. Comparing
peak-height (or area-under-the-curve) data obtained from the injection of
equal volumes of the extract solution and quantitatively prepared standard
solutions of the identified plasticizer constituents allows the concentra-
tion of the identified plasticizer in the extract solution to be determined
by interpolation. Figure 4-32 shows the quantification of DEHP (about 0.7 g
L=1) in the solvent extract of a PVC FML. Assuming that the extraction was
100% efficient, the percent, by weight, of DEHP in the FML can then be
calculated.

GC can also be used by headspace analysis to analyze the volatile
organics absorbed by an FML during an exposure. In the headspace gas chro-
matography (HSGC) procedure, an exposed FML specimen is placed in a small
vapor-tight can provided with a septum through which vapors from the specimen
can be sampled. The can is placed in an oven at 105°C and heated for ap-
proximately one hour. A sample of the vapors is drawn from the can and
injected into the GC. The FML specimen 1is removed from the sample can and
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placed in a new can which is then heated in a 105°C oven for approximately
one hour. Once again, the vapors inside the can are sampled and injected
into the GC. The process of heating, sampling, and injecting is repeated
until no organics are detected in the sampled vapors by the GC. The conc-
entrations of the organics in the injected samples can be calculated by
comparing peak height values with calibration curves prepared by analyzing a
specific volume of vapor (e.g. 100 uL or 400 ulL) from headspace cans injected
with different volumes of a standard solution of organics.
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Figure 4-32. Gas chromatographic determination of the diethylhexyl phthalate
content in an extract of a PVC FML. Column: 6 ft x 1/8 in., 3%
methyl silicone (OV 101) on Chromosorb WHP, mesh size 100-120.
Temperature: 200-300°C at 8°C/min. Helium carrier gas: at 30
mL/min.

Pyrolysis Gas Chromatography. Pyrolysis gas chromatography is an
alternative method for measuring the plasticizer content of FMLs. In this
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technique, a small, weighed FML sample is heated very rapidly to a temper-
ature sufficient to volatilize all of 1its organic components. The plas-
ticizer and other lower-molecular weight organics will be driven off as
chemically unchanged vapors. The polymer will undergo pyrolysis, or high-
temperature decomposition, and will volatilize as lower-molecular-weight
organic compounds. The resulting volatiles can be separated and quantified
by gas chromatography as previously described, and the plasticizer content of
the Tiner can be calculated.

This method has the strong advantage of not requiring extraction of
the liner sample, but it may not be as reliable a means of quantification
because of the very small sample size and the large number of components
that must be separated by the gas chromatograph.

Infrared Spectroscopy. Infrared spectroscopy is the analysis of organic
molecules/mixtures by their absorbance of infrared radiation. Each molecule
contains a unique set of functional groups which absorb radiation at a
precise frequency. The intensity of radiation absorption at that frequency
by an individual molecule is dependent on the amount of that functional group
present in that particular molecule. Each molecule will have a unique
spectrum based on the combination of functional groups in the molecule. The
use of the IR spectrophotometer on FML extracts provides information on the
composition of an FML and can be used in fingerprinting. It can also be used
to indicate compositional changes in formulations of antioxidants and the
decomposition of antioxidants with time and exposure to environmental condi-
tions. An example of an infrared scan of the dried film from an n-hexane
extract of an unexposed HDPE FML is presented in Figure 4-33.

Although only a fraction of a percent of material was extracted from
the polyethylene, this example of an extract showed by the absorption at
1710 cm~l that the extracted solids consisted essentially of hydrocarbons
and small amounts of other ingredients, possibly esters or phenols which may
be associated with antioxidants. This type of curve functions primarily as a
fingerprint. Further analysis by other means would be needed to identify all
constituents. The IR curves of the extracts of exposed PE FMLs indicate
whether organics have been absorbed by the PE and give an indication of the
general character of the absorbed organics.

Specific Gravity. Specific gravity is an important characteristic of a
material and i1s generally easy to determine. Determinations are often made
on devolatilized specimens. Because of differences in the specific gravities
of the base polymers, specific gravity of the FML compound can give an
indication of the composition and identification of the polymer. Specific
gravities of base polymers and of selected FMLs are presented in Table 4-22.
These results show the differences among polymers and the variations in
compounds from one manufacturer to another.

ASTM Method D792, Method A-1, and ASTM Method D297, Hydrostatic Method,
both of which are displacement methods, are generally used in determining
specific gravity. These two methods are essentially the same procedure.
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ASTM D792 covers solid plastics, whereas ASTM D297 covers rubber products. A
density-gradient column can also be used to determine density (ASTM D1505).
The specific gravity of a material at a stated temperature can be obtained by
multiplying the density by the appropriate factor.
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Figure 4-33. Infrared scan of a dried film from an n-hexane extract of an
HDPE FML. Note: the absorption at 1710 cm-1 may be related to
an antioxidant or to possible oxidation of the low molecular
weight PE.

The specific gravity of an exposed FML can differ from that of the
unexposed FML depending on how much of the original extractable material was
lost and how much material was absorbed from the waste during exposure.

The specific gravity of an exposed FML is determined on a test specimen
that has been thoroughly devolatilized. To prevent the formation of bubbles

in the FML mass during a direct devolatilizing process (which would affect
the specific gravity results), specimens may need to be devolatilized rela-
tively slowly. A procedure that has been used allows specimens to dehydrate
for one week at room temperature in an air stream in a hood; they are then
heated in a circulating air oven for 20 h at 50°C; lastly, they are heated
for 2 h at 105°C. In the case of highly swollen FML samples, specimens can
also be allowed to come to constant weight before being placed in the 105°C
oven,

Thermogravimetric Analysis. Thermogravimetric analysis (TGA) is a
thermal technique for assessing the composition of a material by its loss in
weight on heating at a controlled rate in an inert or oxidizing atmosphere.
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For example, when a material 1is heated in an inert atmosphere from room
temperature to 600°C at a controlled rate, it will volatilize at different
temperatures until only carbon black, char, and ash remain. The introduction
of oxygen into the system will burn off the char and carbon black. The
weight-time curve, which can be related to the weight of the sample remain-
ing and temperature, can be used to calculate the volatiles, plasticizer,
polymer, carbon black, and ash contents. In some cases, TGA can replace the
methods used to measure the volatiles, ash, and extractables contents dis-
cussed above. The TGA curve and the derivative of the TGA curve can thus be
used as part of a fingerprint of a polymeric composition. This technique is
?escr;bed by Reich and Levi (1971), Turi (1981), Earnest (1984), and Matrecon
1986) .

In the work performed by Matrecon, a Perkin-Elmer TGS-2 thermogravi-
metric system, consisting of an analyzer unit, balance control unit, heater
control unit, and first derivative computer, was used. Temperature control
was supplied by the temperature controller on the Perkin-Elmer DSC-2 (Dif-
ferential Scanning Calorimeter). A double side-arm furnace tube was used to
allow rapid changing of the atmosphere from inert (N») to oxidative (N2/02
mixture). For the oxidative atmosphere, N»>-purity was maintained through
the analyzer unit head, and 0Oy was introduced at the upper side arm where
it mixed with the Nz to burn the carbon black and any carbonaceous residue
that forms during the pyrolysis of the polymer. Use of the double side-arm
furnace tube shortened the turnaround time because it eliminated the need
to flush the analyzer head completely to remove 02 between runs, as would
be necessary if Oz were introduced through the head. A dual pen recorder,
Perkin-Elmer Model 56 allowed a simultaneous display of thermocouple tempera-
ture in the furnace and the change in weight of the specimen or the first
derivative of the change in weight.

A TGA procedure followed by Matrecon for analyzing an FML is as follows:
a 5-mg specimen of the FML is placed in the balance pan and weighed in a
nitrogen flow of 40 mL/min. The instrument is adjusted to give a 100%
full-scale deflection for the weight of the sample so that the percent of
weight change can be read directly from the chart. The specimen is heated
to 110°C and held there for 5 min. to determine whether measurable volatiles
are present; the specimen is then heated from 110° to 650°C at a rate of
20°C/min. in a nitrogen atmosphere. The specimen is held at 650°C until no
additional weight loss has occurred, usually 2 to 3 minutes, after which it
is cooled to 500°C and 02 is introduced at a rate of 10 mL/min. with an
No flow rate of 30 mL/minute.

Typical thermograms for HDPE and EPDM FMLs appear in Figures 4-34 and
4-35, respectively. Analyses of a variety of polymeric FMLs are presented in
Table 4-23.

TGA can also be used to give a quick analysis of the composition of an
exposed FML. Testing an exposed FML follows the same procedure as testing an
unexposed FML, except that care must be taken in handling the small specimens
of exposed FMLs that contain volatiles. These volatiles can be easily lost.
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Figure 4-36 presents a thermogram of an exposed PVC FML which had in-
creased in weight by more than 7% due to absorption of the waste liquid
which was predominantly water. The thermogram shows four weight Tlosses.
These weight losses are as follows:

Weight loss A = 7.0% volatiles = moisture + possible organics.

Weight loss B = 60.2% plasticizer + HC1 from the polymer (PVC).

- Weight loss C = 16.0% = residual polymer.
- Weight loss D = 10.0% = carbonaceous polymer residue.
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Figure 4-34. TGA of an unexposed black HDPE FML. The plots of sample weight
and temperature as a function of time are shown. Under an N2
atmosphere, the black HDPE sample lost approximately 95.5% of
its mass as hydrocarbons were evolved. The carbon black added
as an UV 1ight absorber remained as a carbonaceous residue and
was not volatilized until it was oxidized when oxygen was
allowed into the system.

4-99



1000 T — 1 i T T T T T T—y100
900 - COMPOSITION FROM TGA: [ Jdgo
Volatiles o}
Oil 330
800 L‘ Polymer 31.0
Carbon Black 310
Ash 5.0
00 | total 100.0
'—
4]
©_ 800} 5
u % Original Weight of Specimen w
2 ’
< 5001 <
« g
[ Qo
2wl / 5
300} / d
Temperature -\7/
e 31% Carbon Black
200 F / 20
//
1 /, 5%
ook P — 10
,/ fAsh
F:"’ Nitrogen e Air
0 i 1 L | S | 11 1 1 1 et 1 1 Lo
[} 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60

TIME, MINUTES

Figure 4-35. TGA of an unexposed EPDM FML. The dotted line shows the
temperature program and the solid line shows the percent of the
original specimen weight. At 46 minutes the atmosphere was
changed from nitrogen to air to burn the carbon black.

The residue, E, which is the ash, is 6.8%. The Tosses show the effect
of the char formation of the PVC when it is heated in a nitrogen atmosphere.
Chlorinated polymers lose HC1 and leave a char which must be corrected for in
calculating the polymer content. The results of calculating the composition
of the exposed FML specimen in comparison with the results of direct analyses
of the same FML, are as follows:

Constituent By TGA By direct analysis
Volatiles, % 7.0 7.9
Polymer (PVC), % 52.1 cee
Plasticizer, % 34.1 32.2 (as extractables)
Carbon black, % ~0 .
Ash, % 6.8 6.4

The results obtained by TGA and those obtained by direct analysis are compar-
able. The differences in the results indicate that some of the volatiles may
have been lost in preparing the TGA specimen, that the extraction may not
have been 100% efficient, that a small amount of plasticizer may have been
driven off in the process of removing the extraction solvent from the ex-
tract, or that in devolatilizing the ash specimen, some of the plasticizer
may have been driven off. A large difference between the plasticizer content
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as determined by TGA and the extractables content as determined by direct
analysis would indicate that an unsuitable solvent was probably being used in
the extraction.

TABLE 4-23. THERMOGRAVIMETRIC ANALYSIS OF UNEXPOSED POLYMERIC FMLs

Volatiles, Polymer, 0il or plas- Carbon Ash,
Polymer type % % ticizer, % black, % %

Butyl rubber ~0 © 45,0 12.2 37.1 5.7
CPE ~0 72.2 7.6 5.3 14.9
~0 71.3 9.1 6.5 13.1

0.4 53.9 13.9 21.0 10.8

CSPE 1.0 49.3 1.5 45.6 2.6
0.9 47.7 3.2 45.2 3.0

0.1 58.1 5.5 9.8 26.5

ELPO ~0 93.1 1.7 4.0 1.2
ECO ~0 49.3 8.2 37.7 4.8
EPDM 0.1 30.8 32.9 30.9 5.3
0.2 33.5 23.2 35.5 7.6

Neoprene 1.0 42.3 10.7 34.9 11.1
~0 44.0 10.7 33.8 11.5

HDPE ~0 97.9 ~0 2.1 ~0
~0 95.6 ~Q0 4.2 0.2

~0 97.0 ~0 1.8 1.2

PVC ~0 54.9 38.2 ~0 6.9
~0 53.8 42.1 ~0 4.1

~0 58.0 35.0 ~0 7.0

Differential Scanning Calorimetry. Differential Scanning Calorimetry

(DSC) is a thermal technique that has a variety of applications in the
testing and evaluation of FMLs, other geosynthetics, and pipe. Among these
applications are its use for measuring the melting point, the amount of
crystallinity in semicrystalline polymers, i.e. PE, PP, and PB, and the
measurement of the thermal stability and the OIT of polymeric compositions.
This technique measures the heat of fusion and the oxidative induction time
of a crystalline structure; it can also give an indication of the modifica-
tion of semicrystalline compositions with other polymers by alloying. Thus,
this type of analysis can be used as a means of fingerprinting semicrystalline
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FMLs (particularly HDPE) and of assessing the effects of aging and exposure
to wastes. This technique is described by Boyer (1977), Ke (1966), Turi
(1981), and Haxo (1983).
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Figure 4-36. TGA of an exposed plasticized PVC FML.

The differential scanning calorimeter used in the work performed by
Matrecon was the Perkin-Elmer Model DSC-2C, equipped with an Intracooler I

subambient temperature accessory to provide an operating temperature range
of -40 to 725°C.

The instrument can characterize the thermal transitions, e.g. melting,
boiling, and changes in crystalline structure, of a material. When a sample
undergoes a thermal transition, an endothermic or exothermic reaction will
occur. These transitions are characterized by comparing the effects of
heating on the thermal characteristics of two cells that are simultaneously
heated or cooled so that the average cell temperature follows a preset
program. A weighed sample is placed in one cell and the other cell is a
reference cell, which 1is generally run empty so that all of the thermal
transitions in the tested material can be identified. The change in power
required to maintain the sample cell at the same temperature as the ref-
erence cell is recorded as a deflection of the recorder pen. The recorder
plots the temperature (°C) versus the differential energy flow (mcal/sec)
required to maintain the sample cell temperature. An endothermic transi-
tion, such as melting, is shown as a positive peak; an exothermic reaction,
such as crystallization, is shown as a negative peak. The amount of energy
absorbed during the melting process may be determined by calculating the
peak area and relating it to the peak area resulting from the melting of an
indium standard of known weight. The energy absorbed is termed the "heat
of fusion" (AHf). Assuming that AHf¢ for the fully crystalline polymer is
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known, the degree of crystallinity of the sample can be determined as a
simple ratio. The magnitudes of these peaks and the temperatures at which
they occur are characteristic of the analyzed material. An example of a DSC
determination of PE crystallinity in an HDPE FML is shown in Figure 4-37.
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Figure 4-37. DSC determination of the melting point and PE crystallinity in
an HDPE FML. The x-axis is the temperature which was raised at
5°C/min. The y-axis is calibrated in mcal/sec, or rate of
energy flow. A positive deflection of the plot indicates that
the sample is absorbing energy (e.g. during melting).

To study the effect of the rate at which a material is cooled on cry-
stallinity content, Matrecon determined the crystallinity of specimens of the
same PE which were cooled at different rates. The material tested was a
sample of National Bureau of Standards' Standard Reference Liner Polyethylene
(NBS 1475), an HDPE. Crystallinity was deterimend using the method described
by Gray (1970a). Crystallinity contents were calculated from calorimetric
data obtained on specimens that had been heated to 157°C, then crystallized
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at cooling rates of 0.3125°, 10°, and 320°C per minute; the crystallinity was
also calculated from the density specifications for this material. The DSC
results are presented in Table 4-24. This reference PE is certified to have
a density of 0.97844 g/cm3 with a standard deviation from the mean of
0.00004 g/cm3 following conditioning as described in ASTM D1928. Using the
data of Brandrup and Immergut (1966), the conditioned reference material is
calculated to be 80.9% crystalline after having been cooled at rate of
0.083°C/min. As is shown in Figure 4-38, sample crystallinity is linearly
related to the Togarithm of the cooling rate up to a cooling rate of 10°C/min.
where it appears to level off. Thus, the percent crystallinity calculated
from the differential scanning calorimetric data is in good agreement with
the value calculated from the density. The samples cooled at 320°C/min. are
displaced from the regression because inadequate thermal conductivity and the
sample heat capacity effectively put an upper limit on the cooling rate. The
results indicate that cooling rate inversely affects the degree of crystal-
linity achieved.

TABLE 4-24. PERCENT CRYSTALLINITY AND MELTING TEMPERATURE OF
NBS STANDARD POLYETHYLENE 1475 WITH VARYING THERMAL HISTORY

Melting
Weight, Cooling temperature, AHg,  Crystallinityd,
Sample mg rate, °C/min. °C cal/g %

A 6.0 0.3125 136b 50-52¢C 73-75
10 133 45 65

320 131 43 62

B 6.6 0.3125 136 53 76
10 133 46 67

320 132 45 65

aCrystallinity value assumes that AHf = 69 cal/g for polyethylene in
perfect single crystal form (Gray, 1970b).

bTemperature at maximum endotherm.

CPeak off-scale; lower bound is measured value, upper is best estimate.

The melting points and percent of crystallinity of a variety of PE FMLs
and films as determined by DSC is presented in Table 4-25. These data show
the pronounced differences between the different types of polyethylene and
the correlation of density and crystallinity data. The standard reference
material is shown for comparison. The similarity of the results of testing a
sample of HDPE 307 that had been "quenched" at 160°/min. and an as-received
sample indicate that HDPE 307 had been cooled relatively rapidly during
manufacture.

The DSC can also be used to measure the oxidative induction time (OIT)
of a polymeric composition to assess its thermal stability and to assess the
various antioxidant packages that may be used in the preparation of the
polyethylene. 4-104
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Figure 4-38. Crystallinity of NBS Standard Polyethylene 1475 as a function
of cooling rate. O derived from published data for NBS 1475,
O from experimental data, Sample A; vV from experimental data,
Sample B.

As is described in ASTM D3895, the material under test and the reference
are heated at a constant rate in an inert gas. When the desired temperature
has been reached, the gas 1is changed to oxygen at the same flow rate. The
material is then held at constant temperature until the oxidative reaction is
exhibited on the thermogram. The OIT is determined from data recorded during
the isothermal test.

Correlation of OIT to FML durability is improved by incorporating high
pressure oxygen to help accelerate testing at temperatures closer to the
actual high temperature stresses expected in the field (e.g. antioxidant
activity can change from very high-temperature testing to lTower high-tempera-
ture testing) and to prevent loss of antioxidants which would occur at the
high temperatures.

This test is useful in assessing the thermal stability of the PE resin
in the FML or other PE product because of the several heatings and meltings
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TABLE 4-25. DIFFERENTIAL SCANNING CALORIMETRY OF SELECTED POLYETHYLENES

Melting Points and Percent Crystallinity
Melting Crystal-
Liner Thickness, Density@, Carbon black point, Tinity,
Type numberb mil g/cm contentC, % Feature °C %

LDPE 21 10 0.935 0 Clear 97-100 29
LLDPE 284 30 0.931 2.4 Black 100-123 39
HDPE-alloy 181 30 0.948 4,0 Alloyed with EPDM 133 43
HDPE 99 100 0.943 d Shiny side of sheeting 124-129 46-48
Dull side of sheeting 124-125 47

HDPE 105 30 0.950 0 As received 130 66-67
After drawing 131-133 62-64

HDPE 184 30 0.953 2.0 As received 134 69
"Quenched"€ 132 69

"Annealed"f 135 <70

HDPE 288 100 0.945 1.8 European production 129 53
HDPE 307 80 0.947 2.6 As received 124 48
"Quenched"€ 123.5 48

"Annealed"f 127 55

HDPE e Pellet 0.9789 0 Referenceh 136 75

dDetermined in accordance with ASTM D792.
bMatrecon liner identification number.
CBy thermogravimetric analysis.

dShiny side of sheeting had a carbon black content of 1.9%; dull side had a carbon black content

of 1.4%.
€Cooled at 160°C/min.
fCooled at 10°C/min.
9From NBS certificate.

hNational Bureau of Standards' Standard Reference Material NBS 1475; cooled at 0.3125°C/min.



that the base resin goes through during fabrication and in welding of an FML
or a pipe during installation in the field.

Melt Index. Melt index is the flow rate of a thermoplastic as deter-
mined by an extrusion plastometer specified in ASTM D1238. The rate of flow
through a die of a specified length and diameter under prescribed conditions
of temperature, load, and piston position in the barrel at the time of test
is measured. Values are reported as the rate of extrusion in grams per 10
min. at the temperature and load at which the test is run. This test is used
in the quality control of PE resins. The constancy of the melt index value
within a narrow tolerance range ensures consistent molecular weight and
rheological properties. Melt index values in flow rates are also helpful in
indicating the process properties of a resin. It should be noted that the
melt index of a PE FML will be equal or less than that of the PE resin from
which it was manufactured due to slight changes in the PE caused by the
processing.

4,2.2.5.2 Physical-mechanical properties--Appropriate or applicable
test methods for testing the physical properties of polymeric FMLs are
presented in Table 4-26.

Tensile Properties. Tensile tests are probably the most widely used
tests in the rubber and plastics industries for evaluating polymeric compo-
sitions and products because tensile properties give a good indication of
the quality of the compound of a specific polymer. Tensile properties of
polymeric materials are generally measured in tension by a stress-strain
test. The specific properties that are measured depend on the type of FML.
They include:

Tensile stress at yield (if a semicrystalline FML).

Elongation at yield (if a semicrystalline FML).

Tensile stress at fabric break (if fabric reinforced).

Elongation at fabric break (if fabric reinforced).

Stress at specified elongations (e.g. 100% and 200%).

Tensile stress at break of FML.

Elongation at break of FML.

The test method used, including the type of test specimen required and
the rate at which a specimen is elongated, varies with the type of FML being
tested (Table 4-26). The method used, particularly the type and size of the
test specimen, may also depend on the purpose of the test. For instance, in
the compatibility of a fabric-reinforced FML, l-in.-wide strip specimens are
preferred over 4-in. wide grab test specimens due to the limited size of the
exposed sample. However, for quality control testing and specification
testing, 4-in or even wider specimens are preferred.
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TABLE 4-26. APPROPRIATE OR APPLICABLE METHODS FOR TESTI

NG THE PHYSICAL PROPERTIES OF POLYMERIC FMLS

FML without fabric reinforcement

Property Thermoplastic Crosslinked Semicrystalline Fabric reinforced
Thickness (total) ASTM D638 ASTM D412 ASTM D638/D374 ASTM D751, Section 6
Coating over fabric na na na Optical Methodd
Tensile properties ASTM D882/0D638 ASTM D412 ASTM D638 ASTM D751, Methods A & B

(modified) (ASTM D638 on selvage)
Tear resistance ASTM D1004 ASTM D624, Die C ASTM D1004 ASTM D751, Tongue Method
{modified) (8 x 8-in. test specimen?)
Modulus of elasticity na na ASTM D882, Method A na
Hardness ASTM D2240 ASTM D2240 ASTM D2240 ASTM D2240

Puncture resistance

Hydrostatic resistance

Seam strength:
In shear

In peel

Ply adhesion

Durometer A or D

FTMS 101C,
Method 2065b

na

ASTM D4437/D882,
Method A
(modified)

ASTM D4437/D413

na

Durometer A or D

FTMS 101C
Method 20650

na

ASTM D882,
Method A
(modified)

ASTM D413

na

Durometer A or D

FTMS 101C
Method 20650

ASTM D751, Method A

ASTM D4437/D882,
Method A
(modified)

ASTM D4437/D413

na

Durometer A or D
(selvage only)

FTMS 101C,
Methods 2031 & 2065b

ASTM D751, Method A
ASTM D751, Grab Method
(modifiedd)

ASTM D882,
Method A
(modified)

ASTM D413

ASTM D413
ASTM D751, Sections 39-42

——

aNSF, 198s.
bu.s. GSA, 1980.
na = Not applicable.
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For a given polymeric FML, tensile properties will vary with speed of
test, specimen size, direction of test with respect to the grain in the
sheeting, temperature, and humidity. The sensitivity of the tensile prop-
erties of FMLs indicates the need for strict conformance to the specified
procedure in specification testing. Semicrystalline FMLs are particularly
sensitive to rate of test. The results of testing an HDPE FML at 20 ipm are
significantly different from the results of testing the same FML at 2 ipm.
Absolute values of the tensile strength of the compositions of different
polymers should not be compared unless tensile strength is required in the
performance of the product.

Changes in tensile properties can be used to monitor the effects on
an FML of exposure to wastes. In many rubber and plastics applications,
either a 50% loss in tensile strength or elongation or a 50% increase or
decrease in modulus (i.e. stress at a specified elongation) is taken to
indicate that the product is no longer serviceable in the specific applica-
tion. These criteria are probably not applicable to FMLs; nevertheless,
major changes of properties within a relatively short exposure period
indicate the incompatibility of an FML with the specific waste.

Modulus of Elasticity. The modulus of elasticity is commonly used as
a measure of the stiffness or rigidity of a semicrystalline FML, such as
HDPE., It is defined as the ratio of stress to strain in the part of the
stress-strain curve that is linear, particularly at low stresses. Over this
range of stress, the material is said to follow Hooke's Taw, which says that
stress is proportional to strain. The modulus is expressed as force per unit
area. In tension, this property is also known as Young's modulus.

The modulus of elasticity of the semicrystalline FMLs is generally
measured by one of two methods:

- ASTM D882, in which a standard-size strip specimen 1is extended in
tension at a strain rate of 0.1 in./in.*min. The elongation is
monitored by the jaw separation. The slope of the straight line
portion of the stress-strain curve is taken as the modulus of elas-
ticity.

- ASTM D638, 1in which a standard dumbbell specimen is extended at a
standard rate, usually of 2 in./min. The elongation is monitored by
following the bench marks using an extensometer. The slope of the
straight 1line portion of the stress-strain curve is taken as the
modulus of elasticity.

In view of the approximate relationship of the modulus of elasticity, Y, to
the modulus of rigidity, G, i.e. Y = 3G, the modulus of rigidity can be
measured in torsion, in accordance with ASTM D1043 and ASTM D1053, and the
modulus of elasticity calculated using the equation. Modulus of elasticity
also can be measured in flexure, in accordance with ASTM D797.

Due to the variations in test conditions and the speed of test, the
values for the elastic modulus vary, but are reproducible for a given
method. Regardless of the method of determining the modulus of elasticity,
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the limitations of applying the term "modulus of elasticity" to polymeric
materials must be recognized, as is indicated in "Note 4" of ASTM D638:

Since the existence of a true elastic limit 1in plastics (as in
many other organic materials and in many metals) is debatable,
the propriety of applying the term "elastic modulus" in its
quoted generally accepted definition to describe the "stiffness"
or "rigidity" of a plastic has been seriously questioned. The
exact stress-strain characteristics of plastic materials are
highly dependent on such factors as rate of application of
stress, temperature, previous history of specimen, etc. Howcver,
stress-strain curves for plastics, determined as described in
this test method, almost always show a linear region at low
stresses, and a straight line drawn tangent to this portion of
the curve permits calculation of an elastic modulus of the
usually defined type. Such a constant is useful if its arbitrary
nature and dependence on time, temperature, and similar factors
are realized.

Nevertheless, the determination of modulus of elasticity serves as a good
measure of the stiffness or rigidity of a polymeric material, and, if
measured in a consistent and reproducible manner, it can be used to measure
variability in a material and changes due to different aging effects.

In the present version of EPA Method 9090 (EPA, 1986), modulus of elas-
ticity testing of semicrystalline FMLs is required in accordance with ASTM
D882. However, because of the Timited size of the samples that can be placed
in exposure, a test specimen smaller than the D882 standard size is used.
Even though the strain rate for the smaller specimens is equal to that of the
standard specimen, the results of testing the smaller specimens are lower.
Modulus of elasticity can also be measured in accordance with ASTM D638,
which calls for a dumbbell specimen.

Hardness. Hardness is defined in terms of standard tests for hardness
of polymeric materjals; it is the ability of a material to resist indentation
by a small probe of specified shape and dimensions. Although no simple
relationship exists between hardness and other measured properties, hardness
is related to the modulus of elasticity, Young's modulus (ASTM D1415). It is
easily measured and can be used to assess changes in an FML during exposure
to wastes and weather.

Hardness testing is wusually performed in accordance with ASTM D2240.
Test values are reported as a value followed by a Tetter which indicates the
type of durometer that was used. The scales overlap somewhat; Duro A of 90
approximately equals a Duro D of 40. If a material has a value greater than
80 with the Type "A" durometer, it should also be tested with the Type "D"
durometer.

Tear Resistance. Tear resistance is the force required to tear a
specimen that has a controlled flaw. The value can indicate the mechanical
strength of an FML, particularly with respect to the types of stresses
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imposed during installation. Tear resistance can also be used to monitor
the effects of an exposure on an FML. The tear value depends on both the
rate of test, and the shape and size of the test specimens.

The tear resistance of fabric-reinforced FMLs is determined in accord-
ance with a modified version of the Tongue Tear Method in ASTM D751, which
calls for a 3 x 8-in. test specimen that tears along a line parallel to the
8-in. direction. However, because of the relatively low strength of the
adhesive bond between the fabric and the polymeric coating in many fabric-
reinforced FMLs, an 8 x 8-in. test specimen is generally used in testing
fabric-reinforced FMLs (NSF, 1985). The low adhesion allows the fabric
threads to bundle at the top of the tear and give false high values or to
pullout of the coating matrix and yield false low values.

Puncture Resistance. Puncture resistance is the force required to
puncture a sheeting with a standard probe. The value is an indication of the
ability of a material to withstand puncture from above (i.e. by equipment,
foot traffic, deer hooves, etc.) and from below (i.e. by irregularities in
the substrate, etc.). Puncture resistance can be used to assess the effects
on an FML of exposure to an environment.

Two methods frequently used for assessing the puncture resistance of
polymeric FMLs are:

- Federal Test Method Standard (FTMS) 101C, Method 2031--Tetrahedral-
Tip Probe Method (U.S. GSA, 1980).

- Federal Test Method Standard 101C, Method 2065--1/8-in. Radius-
Tip Probe Method (U.S. GSA, 1980).

In FTMS 101C, Method 2031, a tetrahedral-tip probe punctures a 10 x 4-in.
specimen which has been Tooped around the point of the probe. The test is
presented schematically in Figure 4-39. This method has been used particu-
larly for assessing the puncture resistance of fabric-reinforced FML because
the probe is large enough to cut and break several cords during test.

In FTMS 101C, Method 2065, a 1/8-in. radius-tip probe punctures a
2 x 2-in. square test specimen that is confined between two plates in which
a l1-in. diameter hole has been drilled. A drawing of the probe and sample
holder is presented in Figure 4-40. Method 2065 is particularly useful for
measuring the puncture resistance of unreinforced sheetings. The applica-
bility of this test to fabric-reinforced FMLs is limited because of the
openness of the weaves normally used in fabric reinforcement. The openness
of the weave can result in the probe's passing between the threads or in the
probe's breaking one or two threads when the FML is punctured.

The ASTM D35 Committee is reviewing the puncture test and is presently

considering a 5/16-in. diameter probe with a flat tip beveled 1/32 in.
around its circumference.
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Figure 4-39. Puncture assembly for the tetrahedral tip probe, FTMS 101C,
Method 2031 (not to scale) (Source: U.S. GSA, 1980).

Hydrostatic Resistance. In the hydrostatic resistance test a column of
water 1s forced through a test specimen until the specimen bursts. The
reported value is the maximum value before rupture of the specimen. The test
is important because it can indicate the biaxial stress-strain behavior of a
sheeted material. The machine required to perform this test is presented in
Figure 4-41., The minimum size test specimen is a 4-in., diameter disk (ASTM
D751). The specimen is held between two annular plane clamps which have
coaxial apertures in their centers. When the clamps are closed together
around the test specimen, a seal is formed. Hydrostatic pressure is applied
to the underside of the clamped specimen, which is 1.75 in. in its unsup-
ported diameter, until leakage of the specimen occurs, i.e. the specimen
ruptures. This pressure is generated by means of a piston forcing water into
the pressure chamber at a specified rate.
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Figure 4-40. Jig for puncture resistance and elongation test, FTMS
101C, Method 2065. (Source: U.S. GSA, 1980)

This test is used primarily with coated fabrics, such as fabric-rein-
forced FMLs, but it can also be used to measure the hydraulic burst strength
of semicrystalline FMLs. This method is not applicable to many unreinforced
thermoplastic and crosslinked FMLs because the biaxial elongation of these
materials exceeds the dimensions of the cavity above the test specimen in the
testing machine. Used with a diaphram to seal the water, the testing equip-
ment is used to measure the bursting strength of fabrics, both woven and
nonwoven.

Seam Strength of Factory and Field Systems. The integrity of the seams
is a critical factor i1n the functioning and durability of an in-service FML.
Seams are tested to ensure that the method of seaming a particular material
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Figure 4-41. Schematic of hydrostatic resistance test machine.
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is adequate. Tests are also performed as part of immersion and compatibility
tests with waste liquids and with standard fluids, because the effects of
various liquids on seams vary, particularly with seams fabricated with ad-
hesives. Seams are tested in shear and peel modes, both using an increasing
load and under a constant load until breakage.

Shear strength testing is performed by applying a force across the seam
in a direction parallel to the plane of the bond, thus subjecting the bond
interface to a shearing force. In most specification testing, a constant
rate of extension testing machine is used; however, in some on-site testing
during installation, manually powered screw-type devices have been used.

At present there is no standard test method intended specifically for
testing FML seams in shear. One of the methods most frequently cited for the
shear testing of seams made from unreinforced FMLs is ASTM D882, which is a
strip tensile test method intended for determining the properties of plastic
sheeting less than 0.04 in, in thickness. Also cited are ASTM D3083 and
D638, either by themselves or in conjunction with ASTM D882. ASTM D3083 is a
specification for PVC sheeting which specifies the use of ASTM D882 for seam
testing with some modifications. ASTM D638 is a dumbbell tensile test method
intended for determining the properties of plastic sheeting greater than 0.04
in. in thickness. All of these test methods need to be modified to be used
for shear testing of seams.

The types of specimens that have been used for shear testing of seams
fabricated from unreinforced FMLs have included strips 0.5-1.0 in. in width,
ASTM D638 Type I dumbbells (which feature a 0.5 in. narrow width test area),
and ASTM D638 Type IV dumbbells (which feature a 0.25 in. narrow width test
area). The dumbbell test specimens have been used in cases where it was
necessary to localize the tensile stress in the seam part of the sample and
away from the grips, as in the case of seams fabricated from semicrystalline
FMLs. Testing of seams made with reinforced FMLs 1is often performed in
accordance with a modified version of ASTM D751 Grab Method. In the modi-
fication, the distance between the clamps at the start of test is 6 in. plus
the seam width (Figure 4-42). Total length of the test specimen is 9 in.
plus the seam width.

ASTM D4437, "“Standard Practice for Determining the Integrity of Field
Seams Used in Joining Flexible Polymeric Sheet Geomembranes," cites ASTM
D816, Method B, as the procedure for testing shear strength. ASTM D4437
modifies ASTM D816 and recommends a minimum of five 1l-in. wide specimens
for unreinforced FMLs and a minimum of five 2-in. wide specimens for fabric-
reinforced FMLs. Recommended initial grip separation is 2 in. plus the width
of the seam and the recommended crosshead speed is 2 ipm. The test specimen
should be fully supported within the grips across the width of the specimen.

Peel testing is performed by applying a load such that the bonded
interface is subjected to a peeling force that attempts to separate the two
FMLs that have been seamed together. The peel strength of seams, particular-
ly for seams fabricated with adhesives, is more sensitive to the effects of
aging and exposure than their shear strength. Laboratory peel testing of all
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types of FMLs is often performed in accordance with ASTM D413 at a jaw
separation rate of 2 ipm. Testing can be performed either in 90° or 180°
peel (Figure 4-43). Peel testing of semicrystalline FMLs in 180° peel is
difficult to perform because of their stiffness. In testing seams fabricated
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Figure 4-42. Seam strength specimen for testing seams of fabric-reinforced
FMLs in accordance with ASTM D751, modified.
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from fabric-reinforced FMLs 1-in., wide strip specimens are usually used. In
testing seams fabricated from semicrystalline FMLs, ASTM D638 Type I and Type
IV dumbbell specimens have sometimes been used to localize the peeling force
in the seam test area. ASTM D4437 cites methods ASTM D413, Method A (Machine
Method, Strip Specimens--Type A), which is a 180°-peel method, and ASTM D816,
Method C, which can be either a 90°- or a 180°-peel method. Both methods are
modified so that a minimum of five l-in. wide specimens are tested with an
initial grip separation of 1 inch., Testing is performed with a crosshead
speed of 2 ipm.

N

(a) 90° peel (b) 180° peel

Figure 4-43. Two configurations of peel testing.

Test results can be reported either as a maximum or an average peel
value. ASTM D413 requires the average value over the seam test area, but in
cases in which the seam test specimens break through one of the FML sheets
or through a weld bead rather than delaminate along the contact interface
between the two sheets, often only a maximum value can be reported. Care
should be taken in noting how the reported peel values are calculated.

Peel testing using a static or "“dead load" at room temperature and at
elevated temperatures can provide a good indicator of time-dependent weak-
nesses that will not be observed under dynamic testing. Dead load testing at
elevated temperatures can be used as a method of revealing the sensitivity of
a seam system to long-term exposures on the FMLs and the seaming system.

Hessel and John (1987) suggest a quantitative factor for the long-term
behavior of welded seams of PE FMLs by carrying out creep tests in a solution
containing a wetting agent at 80°C and a load of 600 psi (4N/mm2).  The
welding factor is the ratio of the tension creep of the weld to the creep of
the parent material.
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4.2.2.5.3 Permeability characteristics--Liquids or gases per se do not
permeate homogeneous nonporous FMLs but do permeate FMLs as vapors or gases
on a molecular scale. The rate of permeation depends on the solubility of
the liquid and the diffusibility of the dissolved molecule in the FML. The
permeability of FMLs to different species can vary by orders of magnitude.

Tests to measure the permeability of FMLs to different species include
the following:

Water vapor transmission, ASTM E96, Inverted Water Method (Procedure
BW).

Solvent vapor transmission, ASTM £96, Inverted Water Method (Procedure
BW), modified.

Gas permeability, ASTM D1434, Procedure V--Volumetric.

Pouch test, Appendix D.

These tests are discussed in Section 4.2.2.4.1, "Permeability." A1l of these
tests can be used to determine the permeability characteristics of all types
of FMLs with the exception of the pouch test. Because of the difficulty in
forming seams of narrow widths in crosslinked FMLs, it 1is not possible to
use the pouch procedure 1in testing crosslinked FMLs. The pouch test also
functions as a long-term exposure to a waste or test liquid.

4.2.2.5.4 Tests to measure the effects of environmental or accelerated
exposure--Appropriate or applicable methods for determining the effects of
environmental or accelerated exposure are listed in Table 4-27. The follow-
ing paragraphs discuss these tests.

Ozone-Cracking. FMLs must be resistant to ozone-cracking. Ozone can
be particularly damaging to and cause severe cracking in polymers that have
unsaturation in their main chains. Of the polymers that have been used in
FMLs, only butyl and neoprene have unsaturation in their main chains. ASTM
D1149 estimates the resistance of a sample to cracking when exposed to an
atmosphere containing ozone. Specimens are kept under a surface tensile
strain, and the ozone content or partial pressure in the test chamber is
maintained at a fixed value.

Environmental Stress-Cracking. A stress-crack is defined as either
an external or internal crack in a plastic that is caused by tensile stress
less than its mechanical strength as measured at standard rates. Under
conditions of simultaneous stress and exposure to chemicals (e.g. soaps,
oils, detergents, or other surface-active agents), some plastics, such
as PE, can fail mechanically by cracking. A test can be run that indicates
the susceptibility of a PE sheeting to stress-cracking by exposing bent
specimens with controlled imperfections to a designated surface-active agent.
ASTM D1693, though commonly used to measure susceptibility to stress-crack-
ing, has limitations for assessing the long-term resistance in service of
FMLs to cracking. In this test 10 notched and bent strip specimens are

4-118



TABLE 4-27, APPROPRIATE OR APPLICABLE METHODS FOR DETERMINING EFFECTS
OF ENVIRONMENTAL OR ACCELERATED EXPOSURES ON POLYMERIC FMLS

— ——— ———

FML without fabric reinforcement

611~V

Property Thermoplastic Crosslinked Semicrystalline Fabric reinforced
Ozone-cracking ASTM D1149 ASTM D1149 na ASTM D1149
Environmental stress-

cracking na na ASTM D1693 na
Low-temperature testing ASTM D1790 ASTM D746 ASTM D1790/D746 ASTM D2136
Tensile properties at ASTM D638 ASTM D412 ASTM D638 ASTM D751, Method B
elevated temperature {modified) {modified) (modified) (modified)
Dimensional stability ASTM D1204 ASTM D1204 ASTM D1204 ASTM D1204
Air-oven aging ASTM D573 ASTM D573 ASTM D573 ASTM D573
(modified) {modified) (modified) (modified)
Water absorption ASTM D570 ASTM D471 ASTM D570 ASTM D570
Liner/waste compati- EPA 90902 EPA 30902 EPA 90902 EPA 90902
bility ASTM D471/D543 ASTM D471 ASTM D543 ASTM D471/D543
Soil burial ASTM D3083 ASTM D3083 ASTM D3083 ASTM D3083
Pouch test Appendix D na Appendix D Appendix D
Outdoor exposure:
Test slabs ASTM D1435 ASTM D1435 ASTM D1435 ASTM D1435
Bent loops ASTM D518 ASTM D518 ASTM D518 ASTM D518
Tub test Appendix H Appendix H Appendix H Appendix H
Accelerated outdoor
weathering (EMMAQUA) ASTM DA364 ASTM D4364 ASTM D4364 ASTM D4364

aEPA, 1986.
na = Not applicable.




immersed in a detergent solution, and the time it takes before 5 of the 10
specimens break is determined. The test apparatus is shown schematically in
Figure 4-44. This method is not suitable for testing PE seams.

- Notch

Test Specimen d

@’lﬂllfll(ll{ll/lﬁﬂfﬂz’“( |

Test
Specimen Holder Assembly

Figure 4-44, Specimen and equipment of ASTM D1693 for bent-strip test
specimen is 0.5+0.03 in x 1.540.1 in. The holder is 6.5 in. in
length and 0.463t0.002 in. in inside width. It holds 10
specimens. The holder with specimens is placed in a 32 x 200
mm test tube fitted with an aluminum foil wrapped cover. The
notch cut in the specimen is 0.750£0.005 in. in length and

varies in depth depending on the thickness of the sheeting.
(Based on ASTM D1693).

Another method used to measure the tendency of a semicrystalline product
to break when exposed simultaneously to stress and a detergent solution is
ASTM D2552. In this test, 20 dumbbell specimens are placed under constant
load, and the time it take before 10 of the 20 specimens break is determined.
The test apparatus is shown schematically in Figure 4-45. This method has
been used to test seams by selecting a dumbbell with a neck section of

sufficient Tength to test the full width of the seam and by modifying the
specimen holders accordingly.

Crissman (1983) has proposed another test where the specimen is con-
strained in a fixed geometry by binding it around a cylindrical metallic

form and subjecting it to a constant applied stress, as is shown in Figure
4-46.
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Figure 4-45. Schematic view of constant-load stress rupture test
apparatus of ASTM D2552. (Based on ASTM D2552).

Low-Temperature Properties. Liners can encounter Jlow temperatures
before installation, during installation, and in some cases during service
depending on the climate in which they are installed.

Some FMLs are quite sensitive to low temperature, becoming stiff and
even brittle on exposure to moderately low temperatures. The rate varies at
which these changes take place as does the time it takes for a material to
soften when the temperature is raised. Some changes can take an extended
time; consequently, short-term tests can be quite misleading. A variety of
tests exist for measuring the effects of low temperatures on materials.
Brittleness test methods are some of the most available. However, they
vary greatly in low temperature soak time, rate of test, configuration of
specimen, etc.; consequently, even for a given polymer type, results can vary
greatly, depending on thickness of specimen, time of soak and the specific
test used. Some of the commonly used low temperature tests are:

ASTM D746 - Brittleness Temperature of Plastics and Elastomers by
Impact.

ASTM D1034 - Stiffness Properties of Plastics as a Function of Temper-
ature by Means of a Torsion Test (also used on rubber
compositions).

ASTM D1790 - Brittleness Temperature of Plastic Film by Impact.
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ASTM D2136 - Low Temperature Bend Test of Coated Fabrics.
ASTM D2137 - Brittleness Point of Flexible Polymers and Coated Fabrics.

High-Temperature Properties. An FML may encounter higher than normal
temperatures prior to installation, during installation, and during service.
Thermoplastic FMLs, if allowed to be exposed to heat as rolled or folded
panels prior to installation, such as being left in the sun, can block
or stick together; when unfolded, a coated FML may split or an unreinforced
FML may tear and become unserviceable. During installation, a black FML
can reach temperatures of more than 160°F (71°C). At such temperatures,
tensile and tear strengths can be significantly lower than at normal test
temperatures. Appropriate tensile, modulus, and tear tests can be run at
temperatures of 60°C or higher to indicate the effects of elevated temper-
ature. At such temperatures the percent crystallinity in semicrystalline
polymers, such as PE, drops (Miller, 1966). The results of some high temper-

ature testing are presented in the paragraph "Effect of Temperature on
Properties" in Section 4.2.2.4.2 above.
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Figure 4-46. Schematic of a proposed test method for determining
environmental stress-cracking resistance. (Source:
Crissman, 1983).
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Dimensional Stability. In addition to causing changes in the mechanical
properties of an FML, higher temperatures can also cause shrinkage and dis-
tortion due to relaxation of stresses in an FML compound, particularly in
unreinforced thermoplastic FMLs. ASTM D1204 measures changes in the linear
dimensions of 10 by 10-in. specimens resulting from exposure at 100°C for
"the length of time applicable to the material being tested."”

Water Absorption. The absorption of water can adversely affect many
polymeric compositions. Since most waste liquids contain water, the effects
of immersion in water on FMLs should be determined as part of the selection
process. The effects of immersion are evaluated by changes in weight,
dimensions, or properties. A water absorption test, such as ASTM D471 and
D570, can be included in a test program to provide a relatively precise
comparative index. (Note: ASTM D471 covers the testing of crosslinked
materials and ASTM D570 covers plastics.) In performing these tests, ex-
tended immersion of specimens until the weight is constant is recommended.

To assess the effects of water absorption on tensile properties, suf-
ficiently large strips can be immersed so that tensile specimens can be died
out of them and tested. Precut tensile specimens can also be used. Water
absorption tests at elevated temperatures accelerate the effects of immer-
sion. However, test results have indicated that tests at 70°C and above are
too severe to serve as accelerated aging tests for most FMLs (Haxo et al,
1982, p 87).

Liner/Waste Compatibility Testing. The compatibility of a candidate
FML with the Tleachate or waste liquid to be contained is an essential con-
sideration in making the final choice of an FML for use as a liner in a waste
storage or disposal facility.

The EPA has developed Method 9090 to determine the compatibility of FMLs
and waste liquids. In this test, samples in slab form are immersed for up to
four months at 23°C and 50°C in a representative sample of the waste liquid
or leachate to be contained. Physical and analytical testing are performed
on the unexposed FML for baseline data and on samples after exposure to the
waste liquid for 30, 60, 90, and 120 days. Thus, the entire test involves
many steps including:

- Selecting representative or appropriate samples of the waste liquid or
leachate and the FML.

- Exposing the FML samples to the waste liquid or leachate under highly
controlled conditions.

- Testing the physical and analytical properties of the unexposed and
exposed FML samples.

- Interpreting the final results.

This test is discussed in detail in Chapter 5.
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In cases which do not require testing in accordance with Method 9090,
such as in the selection of an FML for secondary containment of an under-
ground storage tank, the candidate FMLs should still be tested in immersion
tests. Recommended immersion tests include ASTM D471 and D543. Sufficiently
large strips can be immersed in these tests so that tensile specimens can be
died out of the strips and tested in order to indicate the effects of immer-
sion on tensile properties.

Pouch Test. The pouch test, described in Appendix D, can be used to
measure the permeability of polymeric FMLs to water, organics, test liquids,
or ions, and dissolved organics and is, at the same time, a one-sided ex-
posure test. In this test, a waste liquid or test liquid is sealed in a
pouch made of the FML under study. The pouch is then placed inside a con-
tainer filled with deionized water or a liquid of known composition. At
regular intervals, the pouch is removed and weighed to monitor the movement
of water or the test liquid through the pouch walls. The electrical con-
ductivity of the liquid outside the pouch is measured regularly to evaluate
the permeation of ijons through the pouch walls. At the end of the exposure
the pouch is dismantled, and the pouch walls are tested for physical and
analytical properties. Because of the difficulty of making narrow width
seams with crosslinked FMLs, this procedure can only be used to test thermo-
plastic FMLs. Selected data from pouch tests are presented in the paragraphs
in Section 4.2.2.4.1 on the permeability of FMLs to ions and the permeability
of FMLs to organics. Results of pouch tests are also discussed in Chapter 5.

Qutdoor Exposure Tests. As most FMLs are exposed to the weather at
some time during installation and/or service, outdoor exposure tests should
be performed. Four tests in which FMLs can be exposed to weathering are:

Outdoor exposure of test slabs on a rack.

Exposure as bent loops.

Exposure as liners in tubs filled with a waste liquid.

Accelerated weathering test (EMMAQUA).

Qutdoor Exposure of Test Slabs--Exposing small slabs of FMLs to
ambient weather conditions on panels that face due south at a 45°
angle gives an indication of the weatherability of an FML. In
this exposure, samples are exposed to UV 1light, oxygen, ozone,
heat, and wind. Changes in physical and analytical properties as
well as surface appearance after exposure can indicate relative
differences between compounds of different polymer types and
among compounds of one polymer type. ASTM D1435 details a
procedure for outdoor exposure on test racks.

Bent Loops--In the bent loop test (ASTM D518, modified), small
specimens of FMLs are bent into loops, which are exposed to the
weather., This test combines exposure to weather (as in roof
exposure of test slabs) with exposure to stress provided by the
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bent loop. The specimens are inspected regularly for signs of
cracking or crazing on the FML surface. This test can be used
only qualitatively in the FML selection process.

Tub Test--The tub test, described in Appendix H, can evaluate
lTiner/waste compatibility in a configuration that simulates some
actual field conditions. A small tub is placed where it is
exposed to the weather. The tub is lined with a seamed sheet of
the FML which is carefully folded into place. The tub is then
filled approximately 3/4 to 7/8 full with the waste. The waste
level is allowed to drop 4 inches by evaporation before the tub
is refilled with tap water. Overflow is avoided by covering the
tub during periods of precipitation. This test provides exposure
to sunlight, a range of temperatures, and ozone, as well as to
the test waste. A horizontal area around the tub at the water-
line 1is intermittently exposed to weather and to waste as the
waste level fluctuates. Extended exposures of several years
duration are recommended. After exposure the various exposed
areas of the FML are subjected to physical and analytical tests.
This test is semiquantitative and can identify some of the
exposure conditions that are detrimental to the FML being tested.
Results of tub tests are presented in Chapter 5.

Accelerated Outdoor Weathering Using Concentrated Natural Sun-
light--A procedure has been developed for accelerating the
effects of outdoor exposure on coatings and polymeric products,
including FMLs (ASTM D4364 and G-90). Specimens are exposed in a
test machine that concentrates the sun's rays on a test specimen.
The test machine follows the sun and has ten flat mirrors,
positioned in such a way that the sun's rays strike them at
near-normal incident angles while in operation. These mirrors
reflect concentrated sunlight onto an air-cooled target board on
which specimens are mounted. Maximum sample size, which is 5 x
55 in. in the ASTM D4364 and G-90 design, is limited by the size
of the mirrors. Exposure can be either with or without water.
Exposure with water involves spraying water on the exposure
samples in a regular, cyclic fashion., This exposure is also
known as the EMMAQUA (Equatorial Mount with Mirrors for Acceler-
ation plus water spray) test. Samples are exposed either for a
specified time period or until a specified quantity of solar
irradiation has been reached. Samples can be visually in-
spected for changes 1in general appearance, checking/crazing,
cracking, blistering, warping. After exposure, the physical and
analytical properties can also be measured.

The test machine can be used to determine the effects of weather-
ing in test times considerably shorter than conventional south-
facing racks under natural weathering conditions. It is esti-
mated that one year exposure in the test machine equals 8 years
of exposure to natual weathering. The effectiveness of the test
machine depends primarily on the amount and character of the
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ultraviolet in the direct beam component of the sunlight. Thus,
this test requires climatic conditions with sufficient short
wavelength ultraviolet in the direct beam, i.e. desert or high
altitude environments which are also not regions of diffuse
irradiance.

Some specifications are now requiring that FMLs to be used as
exposed (as opposed to buried) liners shall pass the EMMAQUA test
for a minimum of 1,000,000 langleys with a rating of 7 or better,
i.e. have no checks greater than 0.006-in. wide.

Morrison and Parkhill (1987) have indicated that a 1-yr EMMAQUA
exposure, which exposed FML samples to 1.45 x 106 langleys, was
too long resulting in weathering conditions that were too severe
for some materials, particularly the PEs, causing thermal degra-
dation that may not occur in long-term exposure to natural
weathering. Further studies are recommended to determine if the
EMMAQUA exposure of FMLs correlates with field exposure.

4.2.2.5.5 Performance tests--Performance tests attempt to simulate in
the Tlaboratory the mechanical behavior of an FML in the field in order to
determine the actual engineering properties needed for designing a liner
system. At present, all performance tests of FMLs are developmental rather
than standard.

Stress-Strain Behavior of FMLs. The usual tension test used to deter-
mine the stress-strain characteristics of unreinforced FMLs uses a small
"dogbone"-shaped test specimen. Such specimens are convenient since failure
always occurs within the central, narrowed test zone and since they require
little material, are easy to form, and can be held in the grips of a test
machine without slipping. The shape and size, however, are inadequate to
predict full-scale stress-strain behavior of an in-service FML. The behavior
of a large, i.e. wide, FML can better be reflected by a wide-width tensile
specimen and a corresponding test method; just how wide is left up to the
user's discretion. ASTM Committee D35 on geotextiles and related products
has decided on an 8-in. wide specimen and a 4-in. initial jaw separation
(ASTM D4595). While this method is primarily intended for the testing of
geotextiles, it can be used for FMLs. One problem with this test method is
that the test specimens often fail at the face of the clamps where stress
concentrations exist. This, in turn, might be avoided by using roller grips,
which are typically used in testing high strength geotextiles, but using
roller grips necessitates monitoring deformations with an external device
such as a laser or infrared tracking device.

Even the wide-width tensile specimen test, however, does not truly
simulate in situ behavior since there are no stresses acting on the surfaces
of the FML. FMLs in the field invariably have soil above and below them, and
this undoubtedly influences their tensile behavior. Confinement between
these two layers must be simulated in order to have an accurate performance
test. McGown et al (1982) have developed a test apparatus to simulate in-
soil stress-strain, creep, and stress relaxation behavior.
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The confinement is mobilized by pressurizing an 8-in. wide and 4-in.
long FML specimen with an air-inflated bellows via a thin soil layer placed
on both sides of the FML. The resulting influence of this type of confined
test on the stress-strain behavior of geotextiles (particularly the nonwoven
variety) 1is seen to be very large. Figure 4-47 presents the results of
confined and unconfined stress-strain testing of two geotextiles. Confined
testing was performed with a confining pressure of 100 kN m-2 (14.5 psi).
In general, the stress at failure and the apparent modulus increase, whereas
the strain at failure decreases. The amount depends upon the material type
and the Tlevel of confining stress. Work is ongoing as to the behavior of
FMLs under varying confining pressures.
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Figure 4-47. Confined and unconfined stress-strain testing of two
geotextiles. (Source: McGown et al, 1982, p 797).

Sustained Load (Creep) Behavior of FMLs. Compared with more traditional
materials of construction, polymeric materials have a relatively high tend-
ency to creep under constant load, as indicated in Section 4.2.

Creep testing generally results in one of three different deformation
vs. time response curves. These response curves are shown in Figure 4-48.
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Figure 4-48. Types of creep behavior. Curve A describes creep failure.
Curve B shows constant creep after initial deformation by load.
Curve C shows no creep after initial deformation by load.

Since Curve A is in, or leading to, a failure state it is beyond consider-
ation and only curves like B or C are to be considered. The empirical

relationship defined by these two curves 1is represented by the following
equation:

ey = €5 + b log t, (4-9)
where
ety = strain at a future time "t",
eo = initial, or elastic, strain,
b = experimentally obtained constant, and
t = service time under consideration.

To simulate the creep behavior of an in-service FML, test specimens
need to be evaluated under some type of confinement. This confinement can
be accomplished using the same equipment that is described in the previous
paragraph except that a dead Toad is applied to the specimen. An example of
the unconfined and confined stress-strain testing followed by creep of two
geotextiles is presented in Figure 4-49.

Little work has been done on the creep testing of confined FMLs, but
work has progressed in assessing polymer behavior under constant stress or
constant strain in both the geotextile and geogrid areas (McGown et al, 1982;
Shrestha and Bell, 1982; and Tensar, n.d.).

Shear Strength of FMLs Against Soil. Adequate friction between a soil
and an FML is important in the performance of FML-lined slopes in land
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Figure 4-49, Confined and unconfined stress-strain testing followed
by creep of two geosynthetics. (Source: McGown et al,
1982, p 795).

storage and disposal facilities. Without adequate friction, there may be
slippage between components of the liner system. A laboratory test for
determining the shear strength of FMLs against different soil types has been
developed (Martin et al, 1984; Koerner et al, 1986). This test is a direct
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adaptation of a direct shear test commonly used in geotechnical engineering.

Figure 4-50 ?resents this test schematically. The FML test sample is placed
on a rigid block in the upper or Tower half of the shear box. The other half

has soil at the prescribed density and water content. A normal stress is
applied to the system and held constant, after which shear stress is applied
at a uniform deformation rate. Although the test method is still in an ASTM
D35 Subcommittee, the shear deformation rate commonly used is 0.2 1ipm.
Figure 4-5la schematically shows the results of testing an FML against a soil
three times with the same deformation rate but with three different normal
stresses. The peak shear stresses resulting from these tests are used to
plot the Mohr Coulomb failure curve of Figure 4-51b. From this curve the
shear strength parameters of adhesion (c3) and FML-to-soil friction angle
(s) can be graphically determined. These values can then be compared to
the shear strength parameters of the soil itself to obtain efficiencies in
the following manner:

Ec = (ca/c) x 100, (4-10)

E¢ = (tan 6/tan ¢) x 100, (4-11)
where

Ec = cohesion efficiency,

E¢ = friction angle efficiency,
¢ = soil cohesion, and
¢ = soil friction angle.

Normal Stress (o},)

Shear Stress ( 7)

EZ{/D//L//Q//C//C/)’/Q//E{zf7/;/

FML S
97//7////4/////////'/
(b) Granular Soil Below FML

Figure 4-50. Direct shear test to evaluate FML-against-soil shear strength.
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Figure 4-51. Typical direct shear curves and determination of FML-to-soil
friction angle (8) and adhesion (cg).

Tables 4-28 and 4-29 present some relative values of FMLs versus dif-
ferent soils. It should be noted, however, that the tests must be conducted
for each situation independently with as close of a simulation as possible to
the in situ condition. It should be noted that water content in fine-grained
soils 1s critically important. For example, an FML which is a secondary
composite liner in a landfill will be in intimate contact with the clay soil
beneath it. The water content of this clay influences the shear strength
parameters greatly. When the clay is placed wet of optimum, very low values

usually result. The long-term situation as the clay changes in water content
is also of interest.

4-131



TABLE 4-28. FRICTION ANGLE VALUES AND
EFFICIENCIES FOR FMLS TO GRANULAR SOILS

Soil types?

Mica
Concrete sand Ottawa sand schist sand
FML 8 E¢, % 5 ng % 8 E¢, %
CSPE 25° 81 21° 72 23° 87
EPDM 24° 77 29° 68 24° 91
HDPE 18° 56 18° 61 17° 63
PVC:
Rough 27° 88 ces ces 25° 96
Smooth 25° 81 e e 21° 79

aSoil friction angle of concrete sand = 30°; soil
friction angle of Ottawa sand = 28°; soil friction
angle of mica schist sand = 26°.

Source: Martin et al, 1982, p 193.

Anchorage, or Embedment, Depth of FMLs. A test method is being de-
veloped to determine the anchorage, or embedment, depth required to mobilize
a given stress level in an FML specimen, one end of which is confined in a
testing device that simulates vertical burial in soil (GRI, 1987a). This
test attempts to determine the minimum depth of burial which will achieve
enough friction on an FML in order for the FML to be held in place up
to a targeted stress. Various targeted stress levels include:

- Yield stress, for semicrystalline FMLs.
- Scrim break, stress for reinforced FMLs.

- An allowable stress at a given strain level, for unreinforced cross-
linked or thermoplastic FMLs, e.g. stress at 50% strain.

This test method uses an 8-in.-wide FML specimen which is firmly clamped at
its upper end and sandwiched between back-to-back channels at its Tower end,
as is shown schematically in Figure 4-52, These channels are pressurized by
a hydraulic system. The depth of the specimens in the channels is varied in
order to determine the desired embedment depth at a specific normal pressure.
Figure 4-53 shows applied normal pressure vs. depth within the channel's
curve. The depth in the channels necessary for the specimen to be held in
place up to yield, failure, or a predetermined stress or strain is strongly
depe?dent on the applied normal pressure and the type of FML (Lawrence,
1987).
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TABLE 4-29. SHEAR STRENGTH PARAMETERS OF FMLS TO COHESIVE SOILS AT OPTIMUM WATER CONTENT

Soil No. 1 ML-CL Soil No. 2 CL-ML Soil No. 3 CL Soil No. 4 SP-CH Soil No. 5 CH-SP
Description ¢ E.,% ¢ Egn % c E,% ¢ E,% ¢ EoH % ¢ Egs % ¢ E. % ¢ Eu B c Ec, % ¢ Eg %
Soil to soil 9.0 100 38 100 12,0 100 34 100 20 100 30 100 25 100 24 100 28 100 22 100
ca Ec, 4 8 Ey, % ca Ec, % &8 Ei % ca Eco % 6 Eg, % ca Ec, % & Eg, % ca Eco % & E., %
FML to soil:
CPE 8.0 89 40 100 3.2 27 24 66 13.0 65 17 53 8.0 32 23 95 10,0 36 19 85
EPDM 5.0 55 33 83 5.0 42 23 63 8.0 40 23 74 7.5 30 20 82 9.0 32 18 80
HDPE 5.0 88 26 62 2,0 17 23 63 14,0 70 15 46 3.0 12 21 86 14.0 5 15 ~ 66
PVC 8.5 94 39 100 3.7 31 23 63 14,0 70 16 50 7.0 28 24 100 12.0 43 17 76

Note: ¢ and ¢3 are in units of kN/mZ, ¢ and & are in degrees.
Source: Koerner et al, 1986, p 28,
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Figure 4-52. Schematic view of embedment depth test apparatus.
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Figure 4-53. Curve representing the relationship between applied normal
pressure and depth within the channels in embedment depth

test.
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Puncture (Hydrostatic) Resistance of In-Service FMLs. The integrity of
an FML 1s essential for 1ts functioning properly during service. The FML
may be penetrated or punctured by gradual piercing caused by a protrusion
from the subgrade. The load placed on the FML may cause a hole to form
gradually as the FML bridges a small cavity and hydraulic pressure forces the
liner down into the cavity. The standard tests, including FTMS 101C Methods
2031 and 2065 for puncture resistance and the Mullen hydrostatic test (ASTM
D751) which are discussed in Section 4.2.2.5.2, test only a limited-size
sample. These test conditions do not simulate the differential stresses of
a larger area FML over an irregular subgrade. Various tests have been
developed which attempt to simulate the performance on an FML which is under
a hydrostatic pressure and which has been placed on an irregular substrate.
The conditions that have been simulated include:

- Bursting over interstitial spaces in a subgrade (Frobel, 1983;
Morrison and Starbuck, 1984; Fayoux and Londiere, 1984; Mitchell and
Cuello, 1986; Frobel et al, 1987).

- Puncture over protrusions (Frobel et al, 1987; Rigo, 1977; Morrison
and Starbuck, 1984; Frobel, 1983).

- Bursting related to settlement of the subgrade (Steffen, 1984).

- Bursting related to damage caused by a load placed on a cover material
over the FML (Fayoux and Loudiere, 1984).

A1l of these tests use similar testing devices. With the exception of
Steffen (1984) who used only compressed air, a compressed air-on-water
pressurizing system was used to simulate hydrostatic head. Effective
diameter of the test specimens ranged from 8 in. up to 39 inches. Hydro-
static testing has also been used to study the effect of using geotextiles
to protect FMLs (Frobel et al, 1987; Fayoux and Loudiere, 1984). An example
of a hydrostatic testing device is presented in Figure 4-54,

4,2,2.6 Fingerprinting of FMLs--

The fingerprint of an FML is the sum total of its analytical properties
as determined by the tests discussed in Section 4.2.2.5. The data generated
by these tests establish a body of data that can identify the FML. Finger-
printing a polymeric FML at the time of installation can be used:

- To assess the quality of the specific FML being placed at a site.

- To assure the designer/owner/operator that the FML being placed in the

field is equivalent to the FML that was tested in the compatibility
studies, such as EPA Method 9090 liner compatibility test.

- To establish a baseline for assessing the effects of service exposure
on the FML.
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Figure 4-54. Schematic of hydrostatic test facility. (Source: Geosynthetic
Research Institute, 1987b).

The analyses used in fingerprinting an unexposed FML can be used to analyze
exposed FMLs:

- To identify the FML that was originally installed as a liner, with
respect to the type of FML, its composition, and possibly its actual
source (in cases where there is some question due to lack of adequate
records, etc).

- To determine the effects of exposure on the FML, and thus be able
to estimate the probable service Tife of the liner under service
conditions.

In selecting specific analyses for fingerprinting an exposed FML to determine
the effects of exposure, it is important to measure critical properties that
may have been affected by exposure, e.g. extractables. However, in selecting
specific test methods for identifying an exposed FML, it is desirable to
select tests that measure characteristics that do not change with exposure.
Examples of such tests include analyses for the inorganic constituents of the
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compound (e.g. the trace metals residues of the polymerization catalysts) and
the percentage of carbon black; these compositional characteristics probably
do not change with time since these constituents are insoluble. Most of the
other parameters of the analyses will change to a certain degree with aging
and exposure; consequently, care must be taken in interpreting the results of
these analyses when used for identification purposes, though they can be used
as measures of change in the FML.

Haxo (1983) described a general protocol for fingerprinting FMLs. This
protocol is presented schematically in Figure 4-55, with particular refer-
ence to exposed FMLs. Different polymeric FMLs require different finger-
printing procedures. All tests in the protocol are not used on all mate-
rials. For example, the following is a list of potentially useful tests for
fingerprinting PE FMLs:

- Density and specific gravity of compound and resin®.
- Carbon black content by TGA™.

- Percentage crystallinity by DSC*.

- Oxidative induction time (OIT) by high-pressure DSC*.

- Determination of extractables for amount and composition of the
extract which will include stabilizers and soluble additives that are
in the compound.

- GC analysis of the extract to identify stabilizers.

- Ash content and spectographic determination of the ash for trace
metals residues of polymerization catalysts.

- Melt index™.
- Molecular weight distribution by gel permeation chromatography (GPC).

- Infrared analysis of the polymer to determine the type of PE and of
the extract to identify the stabilizers.

It is not necessary to perform all of these analyses to fingerprint and
identify a specific PE FML. Table 4-30 presents the results of fingerprint-
ing two HDPE FMLs using selected analytical tests. These FMLs had been
received at different times, and fingerprinting was performed to demonstrate
that the two FMLs were probably of the same composition. Similar analyses
can be used for fingerprinting various geosynthetics and pipe, particuarly
those based on PE and PB.

*Suggested minimum tests to be performed for fingerprinting purposes, some
of which are incorporated in specifications.
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Plan for the analysis of exposed polymeric FMLs.
absorption analysis for metals; GC is gas chromatograph; IR is
infrared; CHONS is the elemental analysis for carbon, hydrogen,
oxygen, nitrogen, and sulfur.
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TABLE 4-30. COMPARISON OF THE FINGERPRINTS OF
SAHPLES OF TWO POLYETHYLENE FMLS

FML sample
Property Test method 503-1 503-2

Thickness, mil ASTM D1593 75 84

Density of FML, g cm-3 ASTM D792 0.948 0.951

Density of the polyethylene
corrected for carbon black

content, g cm-3 ASTM D792 0.933 0.935
Volatiles, % ASTM D3030-84 0,40 0.05
Extractables, %
By methyl ethyl ketone ASTM D3421-75 1.91 2.01
By n-hexane ASTM D3421-75 3.19 3.03
Infrared spectra of extracts
By methyl ethyl ketone e Spectra match@
By n-hexane ‘e Spectra matchd
GC analysis of extracts
to determine antioxidants ASTM 04275 b c
Thermal gravimetric
analysis (TGA) d
Carbon black, % 3.4 3.5
Ash, % 0.2 0.1
Tonset of weight Toss, °C 460 465
Tmax rate of loss, °C 490 495

Differential scanning
calorimetry (DSC) ASTM D3417

Sample as received:
Polyethylene crystallinity

in sheeting, % 51 49
Crystallinity in polymer, % 52 50
MHfusion:
In cal/g 33.3 31.8
In Joules/g 141.0 134.7
Melting point (nominal), °C 121 120

After quenching from the melt
at 160°C/min:

Crystallinity, % 47.5 39.0
AHfysion:
In"cal/g 31.0 25.5
In Joules/g 131.6 108.3
Melting point, °C 120 120

AIR spectra of the methyl ethyl ketone and n-hexane extracts were
slightly different.

bidentified antioxidants were dilauryl thiodipropropionate and
4,4'-thiobis (6-tert-butyl o-cresol).

Cldentified antioxidants were 2,6-ditert butyl 4-methyl phenol
(BHT), and 4,4'-thiobis (6-tert-butyl cresol).

dThe ca 5 mg samples were heated in a flow of 40 mL/min. nitrogen
from 40° to 110°C at 40°C/minute. The temperature was held at
110°C for 5 min. and then increased at a rate of 10°C/min to 600°C
and held until no further weight 1oss was observed. At that time,
oxygen was introduced to burn carbon black and the weight remain-
ing was ash. The weight loss is followed by a first derivative
computer (FDC) which indicates the temperature during maximum
weight loss. The extropolated onset temperature (Tgnget) is
determined by constructing a tangent to the post volatilization
weight 1ine and intersecting with the initial constant weight loss
line (Earnest, 1984).
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Other types of FMLs can be fingerprinted by some of the same methods.
However, due to their differences in composition, both in the polymer and in
their compounds, they require different analytical tests. Suggested analyses
for fingerprinting CSPE FMLs include:

- Density and specific gravity.

- TGA to measure the overall composition with respect to plasticizers
and the type of fillers.

- ETemental analyses to measure chlorine and sulfur contents.

- Extraction and analyses of the extract by IR and GC.

- Ash determination followed by spectographic analysis or atomic
absorption (AA) analysis for the metals that are used in the slow
crosslinking of the CSPE during exposure, e.g. magnesium, zinc, and
lead.

Suggested analyses for fingerprinting PVC and CPE FMLs include:

- Density and specific gravity.

- TGA to measure the overall composition with respect to plasticizers
and the type of fillers.

- Extraction and analysis of the extract by IR, GC, or gas chromato-
graphy/mass spectrography (GC/MS) for identification of the various
plasticizers incorporated in the FML. Many of the plasticizers are
themselves mixtures of a variety of oily liquids.

- Ash and analysis of the ash for trace metals and fillers.

In addition to being based on a single polymer, FML compositions can
also be based on blends of two or more polymers of different compositions.
The fact that the polymer component of an FML is a blend will be apparent in
several of the analyses, e.g. TGA, IR, etc.

4,2,3 Geotextiles

Geotextiles can perform a number of functions and have grown into a
viable industry in their own right. In waste containment practice, however,
their use is primarily in providing a filtration function. This function is
emphasized in this section. This is not to say that strength or modulus is
not important. A weak geotextile can easily intrude into the pore space of a
drainage net or composite rendering its flow significantly less than its
as-manufactured capability. This is discussed later in Section 4.2.6.4. In
addition, geotextiles have also been used to protect FMLs placed in the
field. Various types of geotextiles are illustrated in Figure 4-56.
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Figure 4-56. Various types of geotextiles.

4,2.3.1 Polymer Types Used in Manufacture--

Geotextiles have been made from many polymer types used for fibers but
currently polypropylene and polyester types prevail. Table 4-31 lists some
advantages and disadvantages-of each polymer. It should be noted that
polyester geotextiles are sensitive to alkaline solutions and wastes. There
have been concerted efforts recently to produce high and medium density
polyethylene goetextiles, which are being aimed directly at the waste con-
tainment applications. These materials are now made in Germany.

4.2.3.2 Geotextile Fibers and Fabrics--

A number of fiber types (monofilament, multifilament, slit film) can be
used to make a variety of fabric types. As can be seen in Figure 4-56, the
fabrics are woven or nonwoven. Furthermore, there is a large variety of
weaving patterns (plain, modified, etc.) and nonwoven manufacturing tech-
niques (heat set, needle punched, resin bonded, etc.) which gives rise to a
wide variety of products. There are probably 1000 different commerically
available geotextiles at the present time (June, 1988). The number of
geotextiles available alone demands that rational design toward selection
of a geotextile must be used. Such a methodology is at the heart of the
"design-by-function" concept.

4,2,3.3 Filtration Principles--

When filtration is the primary function to be achieved, rational design
requires two competing mechanisms to be achieved:

- Adequate flow capability.
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- Upstream soil particle retention.

Note that these are competing mechanisms where adequate flow requires large
fabric pores and soil particle retention requires small fabric pores. Thus,
knowledge of both the flow regime and soil characteristics are essential for
proper design.

TABLE 4-31. GENERAL COMMENTS ON POLYMERS USED IN
MANUFACTURE OF GEOTEXTILES

Type Advantages Disadvantages

Polypropylene (PP) Not sensitive to varying pH  Somewhat creep sensitive

Widely used Poor ultraviolet stability
without carbon black
Relatively low cost
Some uncertainty in
Good temperature stability organic solvents

Polyester (PET)Q Good creep resistance High alkalinity degrada-
tion (pH > 11) for some
polyesters

Good ultraviolet stability
Slightly higher cost than
Widely used PP

Good temperature stability Some uncertainty in
organic solvents

aPolyethylene terephthalate.

4.2.3.3.1 Adequate permittivity--Flow through geotextiles 1is governed
by its permittivity which is obtained directly from modification of Darcy's
law as follows:

q=knih, (4-12)
ah
q=kn—= A, (4-13)
koo Lo ¢ (4-14)
t " AhAC
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where

flow rate (ft3 min.),

q =
i = hydraulic gradient (ft ft-1),
Ah = hydraulic head difference (ft),
A = area of flow (ft2),
kn = permeability normal to the plane of the fabric (ft min.=1),
t = thickness of the fabric (ft), and
y = permittivity (min.=1).

This value of permittivity is calculated using known or estimated flow rates
and then compared to the actual, or test, value of permittivity to obtain a
flow rate factor of safety (FS) as follows:

FS = Vact/Vreq'd (4-15)
where
VYact = actual, or test, value and
Yreq'd = required, or design, value.

Some actual, or test, values of permittivity of typical commerically avail-
able geotextiles are shown in Table 4-32. Values were obtained in accordance
with ASTM D4491.

TABLE 4-32 TYPICAL PERMITTIVITY AND PERMEABILITY
VALUES OF GEOTEXTILES

Permittivity, Permeability,

Fabric type sec-l cm sec”
Woven monofilament 1000 - 0.1 10 - 0.001
Nonwoven needled 50 - 0.1 1 - 0.01
Nonwoven heat set 10 - 0.1 0.1 - 0.005
Nonwoven resin bonded 1 - 0.005 .05 - 0.001
Woven silt film 1 ~0.01 0.01 - 0.001
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The value of the resulting FS should be above 10, and even 100 is not
uncommon when considering the potential of long-term clogging.

4.2.3.3.2 Soil retention--The voids in a geotextile should not be too
large since this results in a loss of upstream soil and eventual clogging of
the downstream drainage system. Most soil retention criteria are formed
around the following concept:

Ofabric £ A dsoil (4-16)
where
Ofabric = an opening size of the fabric (often Ogg),
dspi] = a particle size of the soil (often dgs), and
A = a value depending on soil density, gradation, fabric-type,

etc.

Betacchi and Cazzuffi (1985) compare a number of criteria; of these, the
criteria described by Carroll (1983) is widely used. This criteria is as
follows:

Ogg < (2 or 3) dgs (4-17)
where
Ogg5 = 95% opening size of the fabric, and
dgs = particle size, at which 85% of the soil is finer.

4,2.3.4 Long-Term Compatibility--

A significant consideration in designing goetextile filters is their
long-term compatibility with the environment that surrounds them (Koerner et
al, in press). For geotextiles in waste containment facilities having design
lifetimes of 30+ years, several potential problems need to be considered:

Soil particle clogging.

Mineral clogging, e.g. ocher and carbonates.

Biological clogging.

Chemical degradation.

Burial degradation.

Long-term creep and possible puncturing.
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4.2.3.4.1 Soil clogging--Soil clogging of geotextile filters has been a
topic of considerable past research (Koerner and Ko, 1982). While a precise
formulation of the soil/geotextile combinations that lead to clogging is not
yet available, several guidelines have emerged (Halse et al, 1987). Problem
areas that are known to exist are the following: gap-graded cohesionless
soils under high hydraulic gradients and highly alkaline conditions. Both of
these situations can lead to complete clogging of the geotextile. For a
precise evaluation, however, laboratory testing of the proposed soil and
candidate geotextile is necessary. Two options are available:

- The gradient ratio test (Haliburton and Wood, 1982).
- The long-term flow test (Koerner and Ko, 1982).

For granular soils and woven monofilament geotextiles the short-term gradient
ratio test can be used. For other conditions long-term tests must be per-
formed; these tests can take up to four months to complete, but they are
necessary to determine if a potential clogging problem exists.

4.2.3.4.2 Biological clogging--Only recently has biological clogging of
geotextile filters (and other drainage-related components) been considered.
The concern is that in the aerobic atmosphere that can exist in drain media,
waste-generated bacteria and fungi can grow in the voids of the geotextile,
thus reducing, or even completely blocking, the flow. Biological clogging is
not considered to be a major problem at hazardous or industrial waste sites,
but could be a problem at municipal waste sites where biological stability is
not ensured. Research is just now beginning that focuses on both the type of
microorganisms that might be present and the type of biocide that might be
used to remedy a situation resulting from the growth if it should occur.

4.2,3.4.3 Chemical degradation--As with all synthetic materials used
in a waste containment system, the geotextiles should also be assessed for
chemical compatibility by immersion in a representative sample of the pro-
posed leachate or waste liquid to be contained or in a simulated leachate.
The exposure procedure can be similar to the one described in EPA Method 9090
for exposing FMLs (EPA, 1986). Tests to determine the effects of exposure
should relate to the specific material being tested for compatibility and its
proposed use in the lining system. Assessment of any adverse performance
must be made, but 1imits are not available. It should be noted, however,
that the inherent variability of nonwoven geotextiles is considerably greater
than that of FMLs. Test tolerances should be viewed in this light.

4.2.3.4.4 Burial degradation--The effects of soil burial on synthetic
polymeric materials has been documented over periods up to about 50 years.
Even though the general types of polymers used in the components used in the
construction of waste storage and disposal facilities have shown little if
any deterioration in soil burial, concern exists about general burial deg-
radation of geotextiles on extended time periods. If deterioration would
occur, it would probably be from a number of causes, e.g. oxidation/reduc-
tion, hydrolysis, etc. Tests to simulate the effects of long-term burial
in a short period of time are not available. What is available, however, are
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performance records of geotextiles exhumed over periods of 20 or more years.
In general, the performance of geotextiles when buried in soil has been very
good. Burial in a waste environment 1is unknown. Sampling and testing of
geotextiles recovered after many years of service in various environments are
needed.

4,2.3.5 Other Considerations--

The secondary property that a geotextile filter must have is adequate
strength. This requires one also to consider adequate resistance to long-
term creep. If the geotextile filter is being used over soil the problem is
not too significant because the span from soil particle to soil particle is
often small, and intrusion into the upper pore space is not meaningful. When
the geotextile is used to cover a geonet or geocomposite, however, resistance
to long-term creep must be addressed. While it is possible to provide an
analytic formulation based on the modulus of elasticity and Poisson's ratio
of the particular geotextile, results are best obtained by testing of the
drainage core both with and without the geotextile filter. This type of
testing will be described in the geonet and geocomposite sections.

4.2.4 Geogrids

Geogrids are used to reinforce soils, e.g. on the slopes. Examples
of this type of product are shown in Figure 4-57. They are sometimes used
within landfills to steepen earth slopes or to create embankments used in
subdividing individual cells of a disposal facility. There may be other uses
as well. Geogrids should not be confused with geonets which are used ex-
clusively as drainage cores. Geogrids are described in this section in terms
of the polymers used in their manufacture, the various designs and styles
presently available, selected aspects of soil reinforcement design, and some
long-term considerations.

Yarious YWMW i

Figure 4-57. Various types of reinforcement geogrids.
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4,2.4.1 Polymer Types--

Polyethylene, polypropylene and polyester, all of which have good
chemical resistance, have all been used to manufacture geogrids; some
polyesters, as noted in the sections on geotexiles, are sensitive to alkalis.
When used in landfills, the required service life of geogrids is generally
not the usual landfill completion time plus 30 years after closure, but only
the landfill completion time itself, i.e. time to complete the construction
and filling operations only, which involves time frames of approximately 5
years. Thus, all of the above polymers should be adequate.

4,2.4,2 Various Available Styles--

The geogrids that are available differ in the directionality of their
strength, the size and shape of their apertures, and in their node con-
struction. These differences are the resuts of different manufacturing
approaches. Table 4-33 lists various types of geogrids that are currently
available.

TABLE 4-33. CURRENTLY AVAILABLE GEOGRIDS

Approximate
Strength aperature Node
Product Polymer directionality size, in. construction
Tensar HDPE Uniaxial 4 x 1 Unitized
Tensar PP Biaxial 1.5 x 1.5 Unitized
ATP HDPE Uniaxial 4 x 1 Unitized
Signode PET Uniaxial 4 x 2 Uttrasonic
Signode PET Biaxial 4 x 4 Ultrasonic
Paragrid PET/PP coated Biaxial 6 x 4 Melt-bonded
Miragrid PET/acrylic Biaxial 1.5 x 1.5 Entangled by
coated knitting

The first geogrids available in the USA were manufactured in England
and were subsequently manufactured in the USA. This style of geogrid is
manufactured by punching holes in extruded HDPE sheeting and continuously
tensioning the sheeting so that the holes become elongated ellipses with an
ultimate draw ratio of approximately 8 to 1. The cold-worked longitudinal
ribs are then in a post-yield state, with considerably improved modulus,
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strength, and stiffness in the direction of elongation. This product is
known as a unidirectional strength geogrid. A second product type is also
available, wherein the draw is in two perpendicular directions, thus achiev-
ing biaxial strength in the resulting product.

Geogrids are also made by overlapping transverse and longitudinal strips
of high strength polymers and joining them at their intersections, or nodes.
The Signode product is made of high tenacity polyester strips that are
ultrasonically bonded at their nodes. Also available is the Paragrid product
which consists of high tenacity polyester fibers encased within a polypropyl-
ene sheath. These ribs are then melt-bonded at their nodes to form the
junction of transverse and longitudinal ribs.

A third approach to geogrid manufacture consists of entangling poly-
ester yarns at the nodes, thereby forming a grid structure. This type of
geogrid is manufactured under the name Miragrid. Several other companies are
considering variations of this manufacturing approach.

It is important to note in Table 4-33 the type of node construction.
Since stress must be transferred from the transverse ribs (where it bears
against the adjacent soil) to the 1longitudinal ribs (where the stress is
initially applied), the node strength is critically important. In this
regard, the unitized nodes impart essentially 100% of the rib strength, the
ultrasonic and entangled nodes somewhat 1less, and the melt-bonded nodes
considerably less.

4,2.4.3 Long-Term Considerations--

Because of the types of applications in which geogrids are used, long-
term considerations for geogrids are of less concern than they are for
other types of geosynthetics used in constructing waste containment units.
Most of the above-mentioned polymers should be sufficiently durable, and
creep is not a problem once the facility is filled. For other potential
applications, this may not be the case, and the entire range of long-term
considerations must be considered (Koerner et al, in press).

4.2.5 Geonets

Geonets are grid-like polymeric products used as in-plane drainage
systems. Various types of geonets that are presently available are il-
lustrated in Figure 4-58. Geonets should not be confused with geogrids,
since the tensile strength of geonets is quite low. Consequently, they
should not be used for soil reinforcement purposes. As geonets are used
exclusively for in-plane drainage, they always act with geotextiles, FMLs, or
other materials on their upper and lower surfaces. For example, a geonet can
be placed between two FMLs, as in a secondary leachate collection system
(Teak-detection network), or between a geotextile filter and an FML, as in a
primary leachate collection system.

This section reviews the various types of polymers used in manufactur-
ing geonets, elements of geonet drainage design, and some long-term con-
siderations.
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4,2.5.1 Polymer Types--

Most polymers currently used to manufacture geonets are polyethylene
of either medium- or high-density types. Polypropylene has also been used,
though quite rarely. The major variation in manufacturing polyethylene
geonets is whether or not a foaming agent has been added to the polymer mix
during formation. This foaming agent expands into small gas-filled closed
cells within the solidified rib material forming a porous structure. The
cells are in the order of a micron in size and are closed and connected.
This type of geonet, in contrast to a solid rib geonet, is referred to as a
foamed geonet. Under long-term load, the latter geonet may lose the gas in
the cells by permeation resulting in partial collapse of the net.

Figure 4-58. Various types of drainage geonets.

4.2.5.2 Manufacturing and Types of Geonets--

Most geonets are made by forcing the molten polymer through counter
rotating slots in an extruder. This produces a grid of bonded and adjacent
ribs at acute angles to one another. Before and during cooling, the grid is
forced over a tapered mandrel which opens up the acute angles between the
ribs to form the desired aperture size. Final rib angles are at 60° to 70°
to one another. The rib cross sections are either square or rectangular.
The deeper the rib size, the thicker the geonet and the greater its drainage
capability. The bond between ribs where they cross over is completely
polymeric. By virtue of the processing, however, the rib crossovers are
usually not vertically aligned, giving rise to a "lay-over" tendency of
ribs at high normal stresses.
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While the above-described manufacturing process for geonets is the
commonly employed one, other variations are also possible. The manufacturing
of these systems run the gamut of polymer processing and are beyond the scope
of this document. Table 4-34 Tists commonly available geonets used in drain-
age systems and their properties.

4,2,5.3 Drainage Design--
The design of a drainage geonet can follow two paths, both of which

are related by Darcy's law of flow. These are flow rate or transmissivity
(Koerner, 1986). The following formulation shows this relationship:

q = kpi A, (4-18)

q = kpA—E- (Wxt), (4-19)

q = (kpt) —2 (4-20)
let 6 = kpt . (4-21)
gl (4-22)

S00 =TV

where

o = transmissivity (ftZ min."1),

q = flow rate (ft3 min.-1),

kp = planar coefficient of permeability (ft min.‘l),
i = hydraulic gradient (ft ft-1),

A = Area of flow (ft2),

t = thickness (ft),

L = length (ft),

Ah = hydraulic head difference forcing flow (ft), and

W = width (ft).
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TABLE 4-34.

AVAILABLE GEONETS FOR DRAINAGE PURPOSES

Specific Thickness, Aperature
Manufacturer Type Polymer gravity Style in. size, in.
Tensar DN1 PE 0.928 Extruded ribs 0.25 0.3 x 0.3
Tensar DN2 PE 0.928 Extruded ribs 0.20 0.3 x 0.3
Tensar DN3 PE 0,928 Extruded ribs 0.15 0.3 x 0.3
Poly-Net PN100G PE 0.9365 Foamed and extruded ribs 0.25 0.3 x 0.3
Poly-Net PN2000 PE 0.9365 Extruded ribs 0.16 0.35 x 0.35
Poly-Net PN3000 PE 0.9365 Extruded ribs 0.20 0.3 x 0.4
Poly-Net PN4000 PE 0.9365 Foamed and extruded ribs 0.30 0.25 x 0.25
Low Bros Lotrak 8 PE ces Extruded mesh 0.12 0.3 x 0.3
Low Bros Lotrak 30 PE eee Extruded mesh 0.20 1.2 x 1.2
Low Bros Lotrak 70 PE ces Extruded mesh .29 2.8 x 2.8
Conwed XB8110 PE 0.936 Formed and extruded ribs 0.25 0.3 x 0.3
Conwed XB8210 PE 0.936 Extruded ribs 0.16 0.35 x 0.35
Conwed XB8310 PE 0.936 Extruded ribs 0.20 0.3 x 0.4
Conwed XB8315 PE 0.936 Extruded ribs 0.20 0.3 x 0.3
Conwed XB8410 PE 0.936 Foamed and extruded ribs 0.30 0.25 x 0.25
Tenax CE PE e Extruded ribs 0.20 0.3 x 0.25
Gundle Gundnet PE 0.925 Extruded ribs 0.16 0.3 x 0.3




Using either transmissivity (o) or flow rate (q), design proceeds using a
factor of safety concept, i.e.:

Qact or test
FS

i

4-23
Oreq'd or design ( )

or
Jact or test

FS - - . (4-24)
Greq'd or design

The denominator of these equations is the required or design value which is
obtained by calculations, regulations, experience, or judgment. Examples
are available (Richardson and Koerner, 1987). The numerator of the equations
is the actual or test value of the candidate geonet. It is usually evaluated
using ASTM D4716-87 test procedure. This test uses flat plates above and
below the net and is for a relatively short duration, i.e. 15 minutes dwell
time for the applied normal load and 15 minutes for the flow measurements.
Thus, it can be considered to be an index test resulting in "upper bound"
flow values vs. the in situ (or allowable) values. An example of flow
behavior for a solid rib geonet is presented in Figure 4-59a. These results
show that there is an initial decrease in flow with applied pressure but,
once the system "slack" is eliminated, the flow is stabilized. The next
possible event 1in the flow behavior is where the ribs "lay over" on one
another, but for this product "lay over" only occurs at normal pressures over
556 psi. Figure 4-59b shows the behavior of a foamed rib geonet where the
flow is generally quite higher than with solid ribs but a flow reduction is
also seen indicative of a compression of the pores within the rib structure.
Of importance, however, 1is that flow rates are seen to decrease greatly
around 100 psi signifying "lay over" of the ribs with respect to one another.

It was mentioned that these flow values represent the upper Tlimits of
the actual performance behavior of the geonet. Field performance flow values
will be equal to or less than these test values because of the intrusion of
the geotextile or FML into the core space. When pressurizing soil against
the geotextile or FML covering the geonet, intrusion occurs which decreases
flow. This intrusion is not evaluated in tests when rigid plates are used.
The amount of intrusion is site-specific depending upon the following:

Applied normal pressure.

Size and type of soil particles causing intrusion.

Rigidity (stiffness) of adjacent materials.

Thickness of adjacent materials.

Spacing of ribs.

Size of ribs.
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This intrusion can be illustrated by infilling a quicksetting elastomer into
the core space under simulated operating conditions. Photographs illustrat-
ing the intrusion of FMLs into geonets resulting from the application of
pressure are presented in Figure 4-60 for both solid rib and foamed rib
goenets. The ASTM flow test procedure can be modified to account for these
conditions and the reduced value of flow evaluated and quantified. Unless
this simulation is performed, quite high factor of safety values should
be used when calculations are based on rigid plate test results.

4,2.5.4 Long-Term Considerations--

There are a series of considerations regarding the functioning of
geonet drains over the design lifetime of the facility. This time frame
includes the 30-year postclosure period as well as the operating lifetime.
These considerations are material effects, creep of the geonet, creep of
adjacent materials, chemical effects and biological effects. Each will be
discussed briefly.

4.2.5.4.1 Material effects--Solid rib constructed geonets appear to
be quite stable under load. However, there has been concern expressed over
the foamed rib geonets. The foaming agents that are used result in nitrogen
being the gas holding the pores open. As is characteristic of closed foam
products under external pressure, the nitrogen will diffuse with time through
the polymer surrounding it, causing a collapse of the pores, loss of geonet
thickness, and proportionate loss of flow capability. The situation should
be investigated and evaluated.

4.2.5.4.2 Creep of net-- Under high normal pressures the net itself
can deform and cause reduced flow. This 1is best combated by using high
factors of safety on flow and against rib "lay over." Absorption of organics
that have permeated the FML will aggravate the tendency toward creep.

4.2.5.4.3 Creep of adjacent materials--Figure 4-60 illustrates the
short term, or elastic, intrusion of adjacent geosynthetics into the geonet
apertures. Extended time periods will tend to cause creep deformations of
the adjacent geotextile or FMLs which will further reduce flow. In the
absence of quantitative data, high factors of safety on the strength (or
better, the modulus) of the adjacent materials is necessary. Creep of
adjacent materials should not be dismissed as a trivial problem; it is very
difficult to treat analytically and requires further experimentation and
evaluation,

4.2.5.4.4 Chemical effects--Long-term exposure to waste streams could
deteriorate the rib strength of the geonets, which must be assessed in im-
mersion tests similar to those used to assess FMLs. The recommended test
assessing the possible loss in strength of geonets after immersion is the
CBR strength (puncture) test (Murphy and Koerner, for publication in 1988).

4.2.5.4.5 Biological effects--Though the polymers used in the manu-
facture of geonets are not metabolized by microorganisms, fungi and other
growth can attach to the polymer surface. Thus, if microorganisms find their
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way into geonets, the drainage capability can be reduced. To what degree
obviously depends upon the extent and type of bacterial and fungal growth.
[t is a situation currently being evaluated in hazardous and municipal
landfill leachates under both aerobic and anaerobic conditions. This study
is also evaluating the types of biocide that might be used to remedy the
situation.

4.2.6 Geocomposites

Geocomposites is a term loosely used to identify a wide range of compo-
site materials that consist of two or more geosynthetics. The function
of a geocomposite could be any of those listed in Table 4-1 (Koerner, 1986);
the function of drainage is emphasized in this section.

Drainage geocomposites are sometimes used as primary leachate collection
subsystems with a geotextile filter attached, or as surface water collectors
in a landfill closure. An overlap with geonets will be noted, but these
drainage geocomposites are quite different 1in their performance, behavior,
and variations. Figure 4-61 shows various types of geocomposites that are
currently available. This section discusses the type of polymers used to
manufacture geocomposites, the different types of geocomposites currently
available, drainage design, and considerations about long-term usage.

Figure 4-61. Various types of drainage geocomposites.
4.2.6.1 Polymer Types--

A variety of polymers has been used to manufacture geocomposite drainage
compositions, including polystyrene, PP, PVC, and PE. Perhaps the most
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common is high impact polystyrene since the largest market for these systems
seems to be transportation-related projects where the liquid being drained is
usually groundwater. Where potential chemical interactions might occur, as
in waste containment applications, PE might be the preferred polymeric
material.

4.2.6.2 Types of Geocomposites--

A great variety of manufactured products and resulting types of drainage
geocomposites is available. The drainage cores themselves take the shape of
columns, piers, cuspations, dimples, etc. Manufacturing itself covers many
variations of polymer processing. A recent characterization by Kraemer
and Smith (1986) is presented in Table 4-35, Review of this table suggests
that both mechanical and hydraulic properties will vary widely from product
to product. It is simply not possible to have an "or-equal" situation in
considering these materials. Their specification will require a specified
flow rate or transmissivity, at a given applied normal pressure, at a given
hydraulic gradient.

4.2.6.3 Drainage Design--

Drainage design using geocomposites follows that described in the
section on geonets. A resulting factor of safety for flow must be formulated
using the actual test value as numerator and the required design value as
the denominator. When considering the primary leachate collection system,
flow rates can be quite high especially during seasons of high precipitation.
Thus, drainage capability of primary Tleachate collection systems is con-
siderably higher than the capacity of secondary leachate collection systems.,
Richardson and Koerner (1987) offer some guidance as to quantities.

The actual flow capability of the geocomposite can be evaluated using
ASTM Test Method D4716. Results from such tests are presented in Figure
4-62. Note that, in comparison to geonets, very high flow rates are avail-
able with these systems. However, it should also be noted that the breakdown
(collapse) pressure of the geocomposites is much less than with geonets.
This latter feature has severe implications when considering long-term
creep.

As with geonets, flow values resulting from tests between rigid plates
are maximum field service values. Intrusion into the core space by the
geotextile filter above the flow columns, and (to a lesser extent) FML
intrusion from below, will reduce flow considerably. Figures 4-63 and 4-64
illustrate this feature for both of the products shown in Figure 4-62. Note
that the collapse of the cores at the high pressure is clearly evident and
must be designed against. Thus, in addition to the flow design, one must be
concerned to design against collapse failure as well which requires a high
factor of safety.
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4,2.6.4 Long-Term Considerations--

Long-term effects on geocomposites being used as drains in waste ap-
plications are similar to those discussed in the section and geonets. Thus
material, chemical, and biological concerns must be considered. Again, as
with geonets, creep behavior must be assessed. Since many of these systems
are built up with hollow cores or cuspations and have aperture spaces greater
than geonets, both axial creep of core and creep intrusion of the adjacent
geotextile are of great concern. High factors of safety in both cases are
warranted.

TABLE 4-35. VARIOUS TYPES OF DRAINAGE GEOCOMPQOSITES

Compression

Product Type Materiald strength, psi
Ameridrain™ 360 Channels HDPE 28
Eljen Drainage System Waffle HIPS 30
Enkadrain 9010 Fibers Nylon 6 7
Enkadrain 9120 Fibers Nylon 6 16
GEOTECH™ Drainage Board Beads EP 6
HITEK™ 8 Waffle HDPE 70
HITEK™ Cordrain™ Waffle HDPE 40
HITEK™ Stripdrain™ Waffle HDPE 20
Hydraway™ Columns LDPE 60
Miradrain™ 4000 Waffle HIPS 30
Miradrain™ 6000 Dimpled sheet HIPS 75
Nudrain™ A Waffle ABS 40
Nudrain™ B Waffle PP 15
Permadrain Waffle HDPE 28
Stripdrain 75 Waffle HDPE 35
Stripdrain 150 Waffle HDPE 20
Tensar DN1 Grid LDPE .

aHDPE = high-density polyethylene; HIPS = high-impact polystyrene;
EP = expanded polystyrene; LDPE = low-density polyethylene;
ABS = acrylonitrile-butadiene-styrene; PP = polypropylene.

Source: Kraemer and Smith, 1986.
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in short-term test; "i" is equal to the hydraulic gradient.
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Figure 4-63. Sequence of photographs showing the intrusion of a filter
geotextile into drainage core flow space of a drainage compo-
site with high columns when under various loads. The photo-
graphs are of a series of test assemblies after the setting of
an epoxy resin which had been introduced in assembly after each
had been under the indicated load for a few minutes. Note that

the columns were beginning to collapse at 30 psi load and had
collapsed at 60 psi.

The sijtuation is considerably different when using drainage geocompo-
sites in caps or closure systems, in which case the liquid is usually water
from rainfall or snowmelt and the normal stresses are quite low. Thus, high
factors of safety can easily be obtained.

4.2.7 Pipes and Fittings

Pipes are used 1in waste containment in leachate collection and leak-
detection systems and in gas venting applications. The pipes used in these
applications need to be either perforated or slotted. Pipes will also be
used for inlet and outlet structures to convey wastes into and out of the
system and in monitoring systems. In all of these applications, penetrations
through the Tliner may be required; current thinking is to avoid, whenever
possible, penetration of the liner. For example, waste liquids can be
carried into and out of the system over the berm.
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Figure 4-64. Sequence of photographs showing the intrusion of a filter geo-
textile into drainage core flow space of a drainage composite
with extruded cuspations when under various loads for short
periods of time. Photographs were taken of the cross sections
of a series of test assemblies after the setting of an epoxy
resin which had been introduced in assembly after it had been
under the indicated load for a few minutes. Note that the
cusps had collapsed under 90 psi load with almost complete loss
of drainage space.

Thermoplastic pipe materials, such as PVC and HDPE, are preferred over
nonplastic pipe materials for leachate collection and drainage above a liner
because of the wide range of chemical resistance of the thermoplastics,
particularly to inorganic chemicals. Typically, for use beneath the liner,
design engineers have specified a wider range of materials (E. C. Jordan Co.,
1984). Polymeric pipe materials that may be appropriate for use in below
Tiner Teachate collection systems and their properties are presented in Table
4-36, The structural properties of pipes range considerably. Flexible and
semiflexible pipes derive structural stability from bedding materials, while
rigid pipes require less structural support.
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TABLE 4-36. PLASTIC PIPE APPROPRIATE FOR USE IN LEACHATE COLLECTION AND LEAK DETECTION SYSTEMS

Type

Characteristics

Factory
perforation

Compatibility chemical

Resistant Susceptible

Construction
considerations

Strength
consideration

Polyvinyl
chloride
(PVC)

Polyethylene
high-density
(HDPE ):

1. Smooth

2. Corrugated

Acrylonitrile
butadiene
styrene (ABS)

Fiberglass

Flexible. dJoints:
solvent weld,
threaded, mechanical
flanged, push-on with
elastomeric seal.

Flexible. Joints:
butt welds.

Flexible. Joints:
push-on. Fittings
available.

Seim-~-rigid, solid wall.
Joints: solvent weld.
Fittings available.

Rigid, flexibie,
available as filament
wound and contact
molded pipe. Joints:
solvent weld,
flanged, treaded.
Fittings available.

Ad

NAD

Most inorganic Organic

solutions solvents
Inorganic Organic
reactants, solvents,
aqueous solu- concen-
tions of in- trated
organic salts oxidizing
and bases agents

Same as above.

Resistant to a braod range
of chemicals and wastes;
see manufacturers recom~
mendations.

Highly corrosion resistant.
See manufacturers recom-
mendations.

Lightweight and easily
handled by one person,
Pipe bedding crucial

to load resistance.
Control of trench grade
is critical.

Mechanical handling
required. Bedding
crucial to load re-
sistance. Control of
trench grade not
critical.

Easily handled by one
person. Bedding
critical to load re-
sistance. Control of
trench grade not
critical,

Easily handled by one
person. Control of
trench grade is
critical.

tasily handled by one
person; care should be
used to avoid damage.
Bedding critical to
load resistance; con-
trol of trench grade
crucial.

Available in many
strength classes.
Pressure/nonpres-
ure applications.

Available for
pressure and non-
pressure uses.

Nonpressures
uses. Mostly use
in shallow cover
applications.,

Available in two
strengths. Pres-
sure and non-
pressure uses.

Pressure, non-
pressure uses,
Many strength
classes
available.

ap - Available.

bNA - Not Available.
Source: £. C. Jordan Co., 1984, p 17.



Bass et al (1984) summarized the factors affecting pipe stability for
above-liner leachate collection systems as:

- Vertical Toading of waste and operating equipment.
- Perforations.

- Deflection,

- Buckling.

- Compressive strength.

- Chemical resistance to the waste.

- Natural pipe deterioration.

A1l are of equal concern in below-liner systems. Pipes in leachate collec-
tion systems are generally bedded and backfilled with drain rock. When
placed in trenches, the trench containing both the backfill bedding and
the pipe is usually wrapped with a geotextile. Design issues relating to
determining flow capacity and spacing of the pipe are found in Appendix I.

Pipe durability can be assessed in terms of service life and resistance
to deflection and failure under load. The service life of piping materials
in waste containment situations cannot be verified based on field data
because of the relatively recent usage of these materials in this mode. In
order to meet the service 1life requirements of the total facility, pipe
materials should be evaluated for chemical compatibility and should be
resistant to excessive deflection and failure, which will ultimately serve to
clog the drainage system. Fracture during installation, particularly in the
case of rigid wall pipe, should be guarded against, as should the application
of live loads during construction. The behavior of pipe under the combined
influences of load and waste exposure must be evaluated, when potential
incompatibility exists between the pipe materials and the waste.

In above-liner leachate collection systems, piping materials are
required to conduct fluid under heavy loads for many years. Since thermo-
plastic pipes are generally used in above-liner leachate collection systems,
potential negative effects resulting from swelling or softening caused by
waste materials must be considered. If the waste material to be handled
contains organic materials, then chemical resistance of the pipe to the
specific waste needs to be evaluated. In general, the chemical compatibility
of HDPE pipe can be considered to be equivalent to that of HDPE FMLs. PVC
polymers, which are used unplasticized in pipes, may be more susceptible to
organics than HDPE.
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A wide variety of test methods for characterizing plastic pipe has been
published by ASTM, the Plastic Pipe Institute, the Gas Research Institute,
and the National Sanitation Foundation. Table 4-37 lists some of the ASTM
test methods.

TABLE 4-37. METHODS FOR EVALUATING HDPE PIPE

Property Test Method
Specific gravity ASTM D1505
Tensile strength ASTM D638
Modulus of elasticity ASTM D638
External loading properties ASTM D2412
Coefficient of linear expansion ASTM D696
Thermal conductivity ASTM C177
Hydrostatic design basis ASTM D2837
Hydrostatic design stress ASTM D2837

4.3 ADMIXED LINER MATERIALS

A variety of admixed or formed-in-place liners have been successfully
used in the impoundment and conveyance of water. The materials used in these
liners include asphalt concrete, soil cement, and bentonite-sand mixtures.
A1l are hard surface, rigid or semirigid materials which are formed in place
from raw materials brought to the site. They are composed of a mixture of
granular and cementitious materials compacted to form a uniform dense mass,
and are porous by nature.

Even though Tiners constructed from admixed materials have demonstrated
durability 1in the impoundment and conveyance of water, considerably Tless
information is available on the use of some of the admixes for the contain-
ment of brines and other waste materials. Materials of this type have
undergone pilot- and bench-scale exposure testing in contact with municipal
solid waste leachate, and have undergone pilot and bench-scale limited
exposure testing with hazardous wastes (Haxo et al, 1982; Haxo et al, 1985).
Admix liner materials composed of soil cement and two polymer-modified
bentonite-sand mixtures are currently undergoing exposure testing with wastes
from coal-fired electric power plants in a research project for the Electric
Power Research Institute (Haxo et al, 1987a; Haxo and Nelson, 1986).
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This section discusses asphalt concrete and soil cement. Bentonite-
sand liners are discussed in the TRD on soil prepared by Research Triangle
Institute (Goldman et al, 1987).

4.3.1 Hydraulic Asphalt Concrete

Hydraulic asphalt concrete (HAC) is a hot-mixed and hot-laid control-
led mixture of asphalt cement and graded aggregates. The material is hard
surfaced and resistant to traffic and impact forces as well as to acids
and aging, particularly in the absence of light and air. The use of these
materials for water storage has been documented (Hickey, 1971b).

Hydraulic asphalt concrete liners in hydraulic construction and waste
containment applications require high quality dense-graded aggregates to
create a nearly voidless mix ensuring Tow permeability. In addition, the
aggregate must be compatible with the waste liquid. In comparison to paving
asphalt concretes, hydraulic asphalt concretes have a higher content of
mineral filler and a higher asphalt cement content (usually 6.5 to 9.5 parts
per 100 parts dry aggregate) to reduce voids. The asphalt used in hydraulic
asphalt concrete is usually a low penetration grade (40-50 or 60-70) since
these harder asphalts are better suited for liners than softer paving grade
asphalts (Asphalt Institute, 1981). The final HAC product is harder, denser,
and more homogeneous than paving asphalts.

4,3.1.1 Permeability of Hydraulic Asphalt Concrete--

Permeability 1is the most important property in selecting asphalt liner
materials., Initial permeability is influenced by voids ratio, percent
asphalt, density at compaction and liner thickness. Hydraulic asphalt con-
crete can be compacted to have a permeability coefficient less than 1 x 10-7
cm s=1.  The Viner should be compacted to at Teast 97% of the density
obtained by the Marshall method and have a voids content less than 4%
(Asphalt Institute, 1976; Asphalt Institute, 1981). Hinkle (1976) found that
a voids content of less than 2.5% produced a permeability of less than 1 x
10-9 cm s-1, as is shown in Table 4-38. Styron and Fry (1979) used an
11% asphalt content compacted to a 2-in. thickness to achieve permeability
coefficients in test cells less than 1 x 10-9 cm s=1. Two-inch thick HAC
lTiners with asphalt contents from 7 to 11% have been common field practice
for the Bureau of Reclamation in water storage ponds for many years (Asphalt
Institute, 1966). Haxo et al (1982) used a 9% asphalt concrete for MSW
leachate exposure studies, but after one year of exposure determined that a
thickness greater than 4 in. may be necessary to contain wastes, due to
potential inhomogeneities in the admixture resulting from inadequate mixing
or compaction. This conclusion is borne out by Hinkle (1976) in a study for
California Edison, which demonstrated that an optional compacted thickness
for a liner containing primary water was 4 in. and that this thickness would
be achieved by compacting two layers in separate 2-in. thick lifts.
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TABLE 4-38. PERMEABILITY OF ASPHALT CONCRETE TO WATER
Compac- Maximum Permeability Coefficient of
Asphalt, tiond, Voids, Specific Unit specific constant, permeability
% % gravity weight gravity millidarcys cm/sec ft/yr
7.5 99,2 2.8 2.248 140.3 2.313 7.6 x 10~/ 7.9 x 10-7 0.82
7.5 98.0 3.9 2.223 138.7 2.313 1.6 x 10-7 1.7 x 10-7 0.18
7.5 93.8 8.0 2.128 132.8 2.313 1.05 x 10-4 1.09 x 10-4 112
7.5 91.4 10.4 2.072 129.1 2.313 1.53 x 10-3 1.58 x 10-3 1630
7.75 96.0 6.9 2.147 134.0 2.306 1.97 x 10-6 2.04 x 10-6 2.1
7.75 99.0 2.9 2.240 139.8 2.306 9.7 x 10-7 1.0 x 10-6 1.0
8.0 93.2 8.0 2.115 132.0 2.299 1.3 x 10-4 1.31 x 10-4 136
8.0 93.0 8.4 2.107  131.5 2.299 1.3 x 10-3 1.3 x 10-3 1340
8.0 98.7 2.6 2.240 139.8 2.299 <1.9 x 10-9 <2 x 10-9 <0.002
8.5 90.6 9.5 2.067 129.0 2.285 3.0 x 10-7 3.1 x 10-7 0.32
8.5 94.4 6.0 2.147 134.0 2.285 5.2 x 10-8 5.4 x 10-8 0.056
8.5 94.0 6.2 2.144 133.8 2.285 4.3 x 10-5 4.4 x 10-5 46
8.5 96.0 4.2 2.189 136.6 2.285 1.3 x 10-° 1.4 x 10-5 14
8.5 96.0 4.2 2.189 136.6 2.285 8.2 x 10-6 8.48 x 10-6 8.8
8.5 97.0 3.2 2.313 138.0 2.285 <4.8 x 10-9 <5 x 10-9 <0.005
8.5 98.0 2.1 2.236 139.5 2.285 <3.8 x 10-9 <4 x 10-9 <0.004
8.5 98.0 2.6 2.224 138.8 2.285 <5.5 x 10-10 <5.7 x 10-10  <0.0005bP
8.75 99.0 2.3 2.226 138.9 2.279 <1.6 x 10-9 <1.88 x 109 <0.0016P
8,75 99.8 1.7 2.240 139.8 2,279 <9.6 x 10-10 <9.28 x 10-10  <0.0009b
8,75 99,5 2.0 2.232 139.3 2.279 <8.0 x 10-10 <7.79 x 10-10  <p.0007b
8.75 98.0 3.6 2.197 137.1 2.279 <1.2 x 10-9 <1.21 x 10-9 <0.001b
dBased on 35 blows Marshall = 100%.

bSamples still on permeability apparatus at time of Hinkle's publication.
Hinkle, 1976.

Source:



4,3.1.2 Durability of Asphalt Concrete--

Once a material of sufficiently low permeability has been achieved, the
second property of concern is durability. Carefully designed and installed
facilities for water storage have lasted for more than a quarter of a century
in this country. Bureau of Reclamation and Department of Interior experience
with this material for water storage and conveyance and for desalinization
ponds indicates that it is resistant to light vehicular traffic, freeze/thaw
cycles (U.S. Department of Interior, 1971), and the destructive forces of
wave action. Its semirigid nature imparts enough flexibility to conform to
slight deformations in the subgrade and to resist low-level seismic activity.
It maintains integrity well on side slopes and resists creep and slippage.

Asphalt concrete is subject to the following failure mechanisms:
Mechanical: Failure from severe deformation in the subgrade.
Failure at construction joints.
Chemical: Incompatibility of asphalt with wastes.
Incompatibility of aggregate with wastes.

Excessive absorption of water causing swelling
and sToughing.

Environmental: Transverse-cracking due to thermal cycling.

Puncture of T1iner by roots and weeds.

Ultraviolet degradation of the asphalt and certain
susceptible aggregates.

Oxidative hardening of air exposed liners.

The durability of asphalt concrete liners in waste containment applica-
tions is less well characterized; available information is based on labora-
tory and pilot-scale field studies as well as limited field experience. The
major factor determining durability of asphalt 1liner materials in these
applications is the compatibility of the waste with the asphalt as well as
with the mineral aggregate components in the asphalt concrete (Kays, 1977).
Of major importance in considering asphaltic materials for lining of waste
containment facilities is the sensitivity of asphalt to many organic species.

4,3.1.3 Evaluation of Asphaltic Liner Materials--
Procedures for evaluating the properties of asphalts are listed in Table
4-39, These test procedures can be used to evaluate the material properties

of the asphalt mix components before and after exposure to waste materials
and for quality control of mix design.
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TABLE 4-39. APPLICABLE METHODS FOR TESTING OF HYDRAULIC ASPHALT CONCRETE

Property

Test method

Water permeability

Density and voids

Water swell

Back-pressure permeameter
(vallerga and Hicks, 1968)

ASTM D1184 and D2041

California Division of Highways 305

Compressive strength ASTM D1074
Asphalt content ASTM D1856
Penetration of asphalt ASTM D5

Viscosity of asphalt, sliding plate California Division of Highways 348

Sieve analysis of the aggregate ASTM C136 and C117

Source: Haxo et al, 1985.

4.3.1.4 Instailation Characteristics--

Hydraulic asphalt concrete is applied as hot-mixed concrete, in-place,
using spreaders or slip-form pavers in 10- to 15-ft widths and compacted to
the desired density using a vibrator, tamper, roller, or screed. Temperature
requirements for the hot-mixes range from 400° to 500°F.

4.3.2 Soil Cement

Soil cement consists of a compacted mixture of selected in-place soils,
portland cement, and water. As the portland cement hydrates, the mixture
becomes a hard, low-strength portland cement concrete which has greater
stability than untreated soil alone can attain. The permeability of soil
cement varies with the grain size of the natural soil: the more granular the
soil, the higher the permeability. Since the cement component of the soil-
cement admix is a minor ingredient by volume, particular attention must be
paid to the soil component. Any nonorganic soil with less than 50% silt and
clay is suitable for soil cement. A high clay content reduces the efficiency
of the soil in producing a low permeability layer, by impairing the formation
of homogeneous cemented materials. Best results for water retention are
obtained when the cement is mixed with a well-graded sandy soil, with 5 to
35% passing the No. 200 (75um) sieve (PCA, 1978). Cement contents may vary
from 7 to 10%, depending upon the porosity of the soil materials used.
Generally, the second most important concern in designing soil-cement Tiners
of low permeability is density at compaction, since the higher the density of
the soil cement, the lower its permeability. Compactibility in turn depends
upon the moisture content of the soil-cement mixture.
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Chemical sealants, including epoxy asphalt and epoxy coal tars are often
applied over soil cements to decrease permeability, and may be sprayed on or
applied in place. The sealing effect of such materials is limited to the
upper centimeters of the liner. The compatibility of these materials with
the waste to be contained needs to be evaluated separately from evaluation of
the soil-cement admixed materials.

Three major concerns in using soil-cement liners are their tendency to
develop wet-dry and freeze-thaw cracks 1leading to seepage, their incom-
patibility with waste species arising from their cement content, and their
brittleness leading to deformation-induced cracking and to leakage.

Soil-cement 1liners have been recently discussed by Adaska (1985) at
a symposium on impermeable barriers for soil and rock. This paper reviews
basic information on soil cement as a liner material and describes research
on permeability and compatibility testing. The design, construction, and
performance of some unique soil-cement-lined projects were presented, as
well as information on a new composite soil-cement/FML liner system.

4,3.2.1 Permeability of Soil Cement--

As with all liner materials, permeability is the property of primary
significance in selecting liner materials constructed of soil cement.
Whenever soil cement is used as a liner in such hydraulic structures as
dams, canals, etc., the main emphasis is on reducing the erosivity of the
soil, i.e. to increase hydromechanical strength rather than to produce a
blanket of low permeability. There have been few studies performed to design
soil cements that have low permeabilities (less than 10-8 cm s-1) compared
with studies of mixes designed for compressive strength.

Literature on the permeability characteristics of soil cement is am-
biguous, and does not indicate unequivocally that the addition of cement to
soil makes it less permeable. The chemical composition of portland cement
does not provide an answer to this question. Indeed, the cement should
release to the soil solution calcium ions from the free Tlime and gypsum
present in the cement. The calcium ions should aid soil aggregation and,
thus, increase the median pore size which should result in a soil matrix with
a greater permeability. Although few studies on design of low permeability
soil-cement liners have been conducted, experience indicates that a fine-
grained soil can be used to produce a permeability of 1 x 106 cm s-1
(Styron and Fry, 1979; Stewart, 1978).

There are five fundamental requirements which are essential to achieving
low permeability (less than 10-7 cm s-1) in soil-cement liners used in a
waste environment. They are:

- The soil material needs to be of sufficiently low porosity to achieve
a liner of low permeability.

- The moisture content required to attain maximum density needs to be
used.

4-169



- The minimum cement content needed to reinforce the soil to specific-
ation must be used.

- The soil cement must be compacted to the design density.

- The constituent materials of the soil cement must be compatible with
the wastes to be contained.

Examples of water permeability of soil-cement specimens using various
soil types and cement and water contents are presented in Table 4-40. The
results indicate that permeabilities as low as 4 x 10-8 ¢cm s=1 can be
achieved in laboratory and pilot-scale experiments using graywacke fines
(Haxo et al, 1985). Thus, it may be possible to achieve soil-cement admixes
with Tower permeabilities than has been accepted in the field, pending
further exploratory research and field experience. Specification of design
criteria for acceptable permeability performance and careful selection and
preliminary testing of the soil and cement materials to select the optimum
design mix are essential to achieve acceptable permeability levels for the
design life of the liner.

4,3.2.2 Durability of Soil Cement--

Soil cement has been used for many years for paving applications, for
slopes and embankments, and for water storage and conveyance. Applications
in the last 25 years have included lining of municipal and industrial waste-
water storage and treatment lagoons and ash settlement ponds (PCA, 1981).
Soil cement is hard-surfaced, resistant to impact forces, and provides a
durable working surface for reclaiming materials from evaporation and settle-
ment ponds. The manufacture of erosion resistant, durable soil-cement
materials have been studied for many years, and design factors for selection
of these properties are well understood. The aging characteristics of
soil-cement are good, especially under conditions where wet-dry and freeze-
thaw cycles are minimal.

Soil-cement admixes are subject to the following failure mechanisms:
Mechanical: Failure from shrinkage and cracking.
Failure at construction joints.

Failure from deformation in the subgrade soil and
erosion on slopes and sidewalls.

Chemical: Incompatibility of soil with waste.
Incompatibility of cement with waste.

Incompatibility of sealing or coating
material with waste.
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Environmenta

1: Freeze-thaw and wet-dry cycling leading to cracking

and failure.

Degradation of surface by wave action, particularly
on slopes and embankments.

It should be noted that research by the Portland Cement Association (Wilder,

1976) indicates that
erosion resistant than

soil cement made with fine-grained silty soil is less
soil cement based on coarser materials.

TABLE 4-40. WATER PERMEABILITY OF SOIL-CEMENT SPECIMENS2
Type V
cement, Water,
parts per parts per
100 ¢ 100 g Coefficient of permeability
Soil dry soil dry soil cm s-1 in. yr-1
Tennis court clay 8 10 1.6 x 106 20
Tennis court clay 10 10 1.3 x 10-6 16
Tennis court clay 12 10 5.1 x 10-6 63
"Mudjacking" clay 8 12 3.4 x 10-6 42
"Mudjacking" clay 10 12 5.3 x 10-6 66
"Mudjacking" clay 12 12 6.5 x 10-6 81
Graywacke fines 10 13 1.9 x 10-6 24
Graywacke fines 12 12 1.5 x 10-7P 1.9b
Graywacke fines 10¢ 12 2.9 x 10-7¢ 3.6
4,0 x 10-7¢ 5.0
Core from specimen
compacted in spacer
in cell base 12 13.4 5.7 x 10-8 0.71

3k xcept where otherwi
sure permeameter wit
except those made wi
back pressure of 1.0

bAverage of measureme
CRice hull ash cement
dAverage of measureme
€Repeat with back pre
Source: Haxo et al, 1

se noted, permeabilities determined in a back-pres-

h a confining pressure of 2.0 atm for all specimens

th "mudjacking" clay (1.3 atm confining pressure), a
atm, and a gradient of approximately 25.

nts with back-pressures ranging from 1.0 to 3.0 atm.
(an acid-resistant pozzolanic cement).

nt of back-pressures ranging from 2.0 to 4.0 atm.

ssure of 1.0 atm.

985, p 46.
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It can be expected that a soil-cement mixture will perform differently
and show variations in durability at each exposure zone: submerged Tliner,
waste/air interface, and exposed slope. Variations in cement content and
soil-grain size may be required to meet the durability requirements of each
zone.

4,3.2.3 Evaulation of Soil-Cement Materials--

The composition of soil varies considerably, and these variations affect
the manner in which the soil reacts when combined with portland cement and
water. The presence of a waste material adds an additional set of variables.
The way a given soil reacts with cement is determined by laboratory tests
made on mixtures of cement with the soil; cement content directly affects
moisture requirements, due to the hydration requirements of the cement.

Table 4-41 presents a list of test methods that may be applied in the
design, pre-construction, and construction phases of soil-cement liner
evaluation, design and construction.

TABLE 4-41, APPLICABLE TEST METHODS FOR ANALYSIS
OF SOIL-CEMENT LINER MATERIALS

Property Soil cement

Water permeability Triaxial permeameter?d
with back-pressure
saturation

Density and voids ASTM D558

Water swell ASTM D559
Expansion/contraction ASTM D560

Compressive strength ASTM D1633

Compaction Percent proctor density
Sieve analysis ASTM D422

Freeze-thaw oo

@Permeabilities determined in a back-pressure triaxial
permeameter (Vallerga and Hicks, 1968).

Standard laboratory tests should be performed to determine the cement
content, optimum moisture content, and maximum density of the soil-cement
mixture necessary to meet the performance requirements of the liner. These
test must be performed using the specific on-site soils, borrow materials, or
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combinations thereof, that are actually being considered for use in the final
liner product. This information is required to predict performance as well
as to select the most economical combination of materials. Optimum moisture
content and maximum density for molding laboratory specimens are determined
in accordance with ASTM D558. Test specimens are then molded at several
cement contents and subjected to wet-dry ASTM D559 tests and freeze-thaw.
For liner applications, samples of the same formulations that are under-
going evaluation using these standardized test methods must be molded into
briquets, cured, and subjected to permeability tests such as with the
back-pressure triaxial permeameter (Vallerga and Hicks, 1968).

4.4 SPRAYED-ON FMLS

FMLs can be formed in the field by spraying materials (e.g. air-blown
and emulsified asphalts) onto a prepared soil surface on which a geotextile
may or may not have been placed. The sprayed-on liquid solidifies in place
to form a continuous seam-free membrane. Such 1iners have been used in
canals, small reservoirs and ponds for water control and for storage of brine
solutions. Water storage applications have used air-blown asphalt; however,
FMs from asphalt blends containing additives of elastomeric polymers and
fillers are being used in solar ponds for containment of brines, and are
being promoted by manufacturers as suitable materials for waste storage
applications in the mining industry (Chambers, 1989).

Many sprayed-on liners have a soil cover placed on top of them. Ponds
in a recycling system may not be covered because a material would contaminate
the 1iquid being contained. Uncovered sprayed-on FMLs are sometimes painted
with white latex paint.

Though sprayed-on FMLs are seam-free, bubbles and pinholes, which are
extremely difficult to detect, may form during field installation causing
serious difficulties at a late date. The proper preparation of the surface
to be sprayed is important. The asphaltic materials are thermoplastic and
of low molecular weight, and will react adversely with many wastes. However,
in carefully controlled conditions, and when protected from mechanical damage
and ultraviolet degradation, they can be used to form a serviceable liner for
brines and many inorganic solutions.

Materials discussed in this section will include air-blown asphalt,
emulsified asphalt, styrene-butadiene rubber (SBR) asphalt, and urethane-
modified asphalt.

4.4.1 Air-Blown Asphalt FMLs

Catalytically-blown asphalt FMLs are the most commonly used spray-
on FMLs, and have been used by the Bureau of Reclamation for many years for
water conveyance and storage (Bureau of Reclamation, 1963). The asphalts
used in making these FMLs have high softening point temperatures and are
manufactured by blowing air through the molten asphalt at temperatures in
excess of 500°F in the presence of a catalyst such as phosphorous pentoxide
or ferric chloride. To fabricate the FML, the asphalt is sprayed on a
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prepared soil surface at 400°F at a pressure of 50 psi through a slot-type
nozzle and at a rate of 1.5 gal yd=2 (Bureau of Reclamation, 1963, pp
80-81). The finished Tiner is usually 0.25 in. thick (Bureau of Reclamation,
1963, p 79) and is formed by two or more passes of the spray device and
overlapping sections by one or two feet (Clark and Moyer, 1974). It can be
placed during cold or wet weather, in large quantities, by mobile equipment
(Bureau of Reclamation, 1963, p 10). Sprayed-on FMLs retain their tough
flexible qualities for extended periods of time when properly covered and
protected from mechanical damage (Asphalt Institute, 1976). The acutal
placing of the earth covers on a sprayed-on FML may cause some damage to its
integrity.

Studies have shown that the addition of 3-5% rubber improves the prop-
erties of the asphalt by inducing greater resistance to flow, increased
elasticity and toughness, decreased brittleness at low temperatures, and
greater resistance to aging (Chan et al, 1978, p 17). Two types of rubber-
modified asphalt are discussed below.

Bituminous seals are used on asphalt concrete, portland cement concrete,
or soil-cement liners to close pores, thus improving water-proofing or when
there may be a reaction between the stored liquid and the liner. The two
types of seals usually applied are:

- An asphalt cement sprayed over the surface about one qt yd-2 to form
an FML about 0.04-in. thick.

- An asphalt mastic containing 25 - 50% asphalt cement, the rest being
a mineral filler, squeegeed on at 5 - 10 1b yd-2.

Sprayed-on asphaltic FMLs are usually installed on a subgrade which has
been dragged and rolled to obtain a smooth surface. If there is an excessive
number of irregular rocks and angular pieces, a fine sand or soil "padding"
is necessary for good FML support (Bureau of Reclamation, 1963, p 8l1). The
asphalt may also be sprayed onto a geotextile placed on the soil surface
to give protection against puncture.

A blend consisting of cationic asphalt emulsion, white gasoline, and
water was applied as a temporary sealer at a rate of 0.3 gal yd‘2 to a
prewetted surface. The rate of application of the asphalt emulsion component
was 0.09 gal yd-2. Assuming a 60% asphalt content, the rate of application
was 7.20 oz yd=2 or 0.8 oz ft-2. Penetration into the surface varied from
3/16 to 3/8 inch. Based on laboratory tests, the application rate was far
less than that required to provide satisfactory penetration and sealing.
However, for this installation, only a temporary reduction of water Tloss
during the initial operation period of the lagoon was required because sewage
was expected eventually to seal the lagoon (Bureau of Reclamation, 1963, p
115). For this application in the field the asphalt emulsion was considered
to have performed satisfactorily.

A proprietary liquid cutback asphalt formulated for deep penetration was
applied over natural-on-site soil at a rate of 2 gal yd‘z. Assuming a 50%
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concentration of asphalt in the cutback, this rate of application is equiva-
lent to 16.5 oz yd=2 or 1.8 oz ft-2. The seepage rate was reduced from 15.9
ft3 ft=2 yr-1 for the untreated soil to 6.14 ft3 ft-2 yr-1 for the treated
soil (Day, 1970, p 21).

In another example, cationic asphalt emulsion formed a low permeability
seal at the soil interface through the attraction of the positively charged
asphalt droplets to the negatively charged soil particles as the emulsion
penetrates the substrate, In this case, the asphalt emulsion was applied at
the rate of 1.05 gal yd-2, which is equivalent to about 15.6 oz ft-2 asphalt.
This product has been used mainly in reservoirs and ponds (Wren, 1973).

Field data on a hot-applied asphalt FML in a canal lateral was obtained
after 11 years of service (Geier, 1968). The seepage rate at this time was
0.08 ft3 ft-2 d-1, The seepage rate prior to placement of the liner was
9.9 ft3 ft-2 d-1, Ninety percent of the aging occurred during the first
four years of service. A poor correlation was found between the 1l4-day
laboratory aging test at 60°C and actual field aging. Geier (1968, p 3)
concluded that, if properly applied and covered, a buried hot-applied
asphalt sprayed-on canal liner should last beyond 12 years.

Except for their poor resistance to hydrocarbon solvents, oils, and
fats, the chemical resistance of asphaltic FMLs is, in general, good.
Asphaltic FMLs are resistant to methyl and ethyl alcohols, gylcols, mineral
acids other than nitric acid (at moderate temperatures and concentrations),
mineral salts, alkalis to about 30% concentration, and corrosive gases such
as HoS and SOp2. Asphaltic FMLs exhibited variable to poor performance
when exposed to hydrogen halide vapors, but have very low permeability to
water (National Association of Corrosion Eng., 1966).

4,4,2 Emulsified Asphalt FMLs

Emulsions of asphalt in water can be sprayed at ambient temperatures
(above freezing) to form continuous FMLs of asphalt after breaking of the
emulsion and evaporation of the water. These FMLs are less tough and have
lower softening points than FMLs made with hot-applied catalytically-blown
asphalt. Toughness and dimensional stability can be achieved by spraying
asphalt emulsionss onto a supporting fabric. Fabrics of woven jute, woven or
nonwoven glass fiber, and nonwoven synthetic fibers have been used with
various anionic or cationic asphalt emulsions to form linings for ponds and
canals, and as reinforcing patches under asphalt concrete overlays to prevent
"reflection” of cracks in the old pavement beneath. Seams in the supporting
fabric are often sewn with portable sewing machines after the fabric is
placed (Phillips Petroleum, 1973).

4.4.3 Styrene-Butadiene Rubber (SBR)/Asphalt FMLs

Styrene-butadiene rubbers have been used in recent years as additives
to catalytically-bliown asphalt. Thermoplastic SBR intended for hot-melts
has some unique properties that enchance its usefulness for certain liner
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applications. At room temperatures it behaves like crosslinked elastomeric
rubber; when heated above 212°F (the glass transition temperature of the
domains which behaves 1like crosslinked polystyrene), it behaves like an
uncured elastomer. Chambers (1980) reports that, by mixing thermoplastic SBR
polymers with prime grade asphalts, it is possible to achieve a thermoplastic
material which behaves like an elastomeric polymer. The resultant FML is
inert to inorganic acids, bases, and salts and has low permeability to water.
The useful temperature range (-40° to 180°F) of the SBR/asphalt is greater
than that of common asphalt grades (ca 40° to 120°F). Chambers reports a
case history in which an SBR/asphalt FML was used in solar evaporation ponds
containing magnesium chloride, applied over a geotextile-covered earthen base
(Chambers and Farr, 1984).

4,.4.4 Urethane-Modified Asphalt FMLs

A urethane-modified asphalt FML system is being marketed. It is
generaliy spray applied, but may be squeegeed onto a prepared surface. A
premix is combined with the activator, and sprayed on at a rate of two
gallons per minute, covering about eight square yards per minute. The
fabricated membrane is generally recommended to have a thickness of 50 mils,
usually obtained by applying one coat at a rate of 0.28 gal yd=2 on hori-
zontal surfaces or two coats on vertical surfaces. The second coat may be
applied about 15 minutes after the first coat. The liner must cure for 24
hours before being put into service. This system has good UV stability and
Tow temperature ductility, eliminating the need for a soil cover in most
cases. The Tiner system is limited to a maximum of 140°F continuous exposure
and is not recommended for prolonged exposure to hydrocarbon or organic
solvents. It should be applied only to properly prepared surfaces. The
surface must be clean and dry. Porous surfaces should be filled. Generally,
a primer and a bonding agent are applied before the modified asphalt is
applied. The procedures for several base surfaces and the necessary pre-
cautions are provided by the manufacturer (Chevron, 1980).
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CHAPTER 5

EXPOSURE OF POLYMERIC FMLS AND RELATED MATERIALS
OF CONSTRUCTION IN SIMULATED-SERVICE ENVIRONMENTS

5.1 INTRODUCTION

This chapter focuses on the simulated-service testing of FMLs and
other materials of construction used in constructing 1lining systems for
waste containment units, including polymeric materials used in constructing
Teachate collection and removal systems (LCRSs) and admix lining materials.
The results of laboratory, bench-scale, and pilot-scale research performed
to evaluate these materials under conditions that simulate service environ-
ments in waste containment units are reported. Much of this research was
initiated in the early 1970's and was conducted with the materials that
were available at that time to assess their usefulness in the construction or
environmentally-sound waste storage and disposal facilities. Many of these
materials were tested on the basis of their prior use in lining water con-
veyance and storage facilities.

As background to discussing tests of FMLs and ancillary materials under
simulated-service conditions, the environments that FMLs and other materials
may encounter in actual waste storage or disposal units are described. These
environmental conditions either have been observed directly or are considered
highly probable. The types of containment units discussed include municipal
solid waste (MSW) landfills, surface impoundments, hazardous waste landfills,
waste piles, heap leach pads, secondary containment facilities, and tailings
ponds.

The types of stresses encountered by materials in these environments
include chemical, mechanical, and biological stresses. Since the polymers
used in manufacturing polymeric materials of construction for waste contain-
ment units are essentially not biodegradable, the effect of chemical,
mechanical, and combined chemical and mechanical stresses on FMLs and other
materials of construction are of particular interest. Initial research
evaluating lining materials in waste environments focused particularly on the
effects of chemical stresses.

This chapter presents representative data on the performance of polymer-
ic FMLs and admix and sprayed-on liner materials exposed in simulated-ser-
vice tests. These materials were exposed to a variety of test liquids and
actual waste liquids, including MSW Teachate and hazardous, toxic, and
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industrial wastes, under a variety of simulated-service conditions, including
exposure in one-sided exposure cells (to simulate exposure at the bottom of a
containment unit), two-sided immersion tests, and roof tubs (to simulate ex-
posure in a surface impoundment. Data on changes in physical and analytical
properties of these liner materials after long-term exposure to the waste
liquids and/or after long-term weathering, as well as test data on changes in
permeability after exposure, are presented. The potential effects of these
environmental conditions on FML durability and long-term performance are
discussed. This chapter also presents data on the mechanical interaction of
materials (e.g. liners and geonets) within the same system, and the effects
of biaxial stresses on liner materials exposed to waste liquids or other
aggressive environmental conditions. Available data on ancillary materials
in simulated service environments are presented.

One objective of these studies was to develop criteria to establish and
predict compatibility and long-term serviceability of a given material in a
given service environment. The first step in developing such criteria
involves establishing a correlation between the measured properties and the
performance of a given material in a given service environment. Given this
correlation between properties and performance, the rate of change in the
properties of a material in a given environment could then be used to
estimate the service life of that material. For example, in the case of many
rubber products produced and used over the years, a series of Taboratory-
measured properties have been found to relate directly to the functioning and
service 1life. It has been found from experience that when certain values are
reached or when certain changes have occurred, the product becomes no longer
functional for the purpose for which it was designed. For instance, a 50%
loss on aging in the values of such properties as tensile strength and
elongation have indicated a failure of many products; also, in some ap-
plications an increase of 15 hardness points or a doubling of modulus has
also been indicative of failure in the performance of that product. Such
properties as these may have used directly in the designing and compounding
of these products to meet performance needs or they may correlate with other
properties that relate directly to a performance requirement. At this point
in the technology of waste storage and disposal facilities and the materials
that are used in their construction, the correlation between properties and
changes in their measured values and performance requirements has not been
developed.

It must be recognized that waste containment technology is a compara-
tively recent development and is still in the process of development. The
synthetic polymers, such as those used in the manufacture of FMLs and other
geosynthetics, have only been available for about 60 years. Furthermore,
these materials have been used in the manufacture of FMLs for only 35 years
(and less for other geosynthetics), and FMLs have only been used in waste
containment for approximately 20 years. However, even though much proprie-
tary data may exist, the information on performance in the available liter-
ature is limited and generally poorly documented. Consequently, the data
based on experience which can be used for establishing correlations with
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laboratory results are limited. At this time criteria which can be applied
to laboratory and small-scale testing to indicate the compatibility and the
long-term performance of various materials in waste containment environments
still need to be established.

The data reported in this chapter include data on materials that are no
lTonger available or no Tonger being used for the specific purposes for which
they were evaluated. However, these data are included because they describe
the approach that was taken in assessing the materials. These data can be
used to indicate the pitfalls in materials that may be under development.
Also, they indicate the limitations of many of the materials which may be
considered for applications that approximate the applications for which these
materials were tested. In view of the fact many of the initial containment
units were lined with these materials and are still in existence, their per-
formance can be observed. The results may also be useful in developing cor-
relations between laboratory and bench-scale testing and field performance.

5.2 ENVIRONMENTS IN TREATMENT, STORAGE, AND DISPOSAL FACILITIES
(TSDFS) ENCOUNTERED BY FMLS AND ANCILLARY MATERIALS DURING
CONSTRUCTION AND SERVICE

5.2.1 Introduction

The environment in which an FML liner material is exposed during
construction and service will ultimately determine its service life, that is,
how long it will perform its designed functions. Table 4-20 enumerates
environmental factors that can affect the durability of polymeric FMLs and
ancillary materials. Environmental factors during installation and in
specific applications are discussed in the following sections. The types
of facilities that are discussed include the following:

- MSW Tandfills.,

- Surface impoundments.

- Hazardous waste landfills.

- Waste piles.

- Heap leach pads.

- Secondary containment facilities.

- Tailings ponds.

5.2.2 Environments Encountered During Construction

The conditions that an FML encounters from the time of manufacture
and fabrication into panels through installation to the final acceptance by
an owner of the Tined storage or disposal facility require the FML to have
a substantial degree of ruggedness. Most of the FMLs and the ancillary
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materials have relatively little structural strength. They must be protected
in various ways from mechanical and other enviromental damage during fabri-
cation, shipping, field construction, and inspection. Table 5-1 1lists some
of the significant conditions that an FML and other construction materials
may encounter in the construction of waste storage and disposal facilities.
In assessing FMLs and the other materials for lining TDSF facilities, these
environmental conditions must be recognized in testing and evaluating FMLs
and their seam systems.

TABLE 5-1. ENVIRONMENTAL CONDITIONS ENCOUNTERED BY FMLS AND
ANCILLARY MATERIALS PRIOR TO AND DURING CONSTRUCTION
OF WASTE STORAGE AND DISPOSAL FACILITIES

- Temperature extremes; low temperatures can cause embrittlement, and
high temperatures can cause softening, reduced strength, and shrinkage
of some FMLs and expansion of others.

- Temperature variation during a day and for very short intervals
(clear to cloudy skies).

- Wind and wind variation over short time periods.
~ Humidity variation during the day.

- Much of the construction must be done on slopes, an important factor
in seaming.

- Workers' traffic during seaming operation and liner inspection.

- Light equipment traffic which might puncture, tear, or abrade the
FML surface. No equipment should be allowed on the FML surface after
installation has been completed.

~ Dust and possibly gravel which might affect seam strength.

- Impact damage from dropped tools.

- Stretching and tensioning during FML placement.

- UV light and oxygen which might affect the surface of some FMLs before
being covered; both UV 1ight and oxygen can also degrade geotextiles
and some geonets and geogrids.

- Dimensional change, including shrinkage due to heat and relaxation of
residual strain from manufacture and thermal expansion.

- Soil covering operations.




5.2.3 MSW Landfills

During service in a lined MSW Tandfill, the components of the liner and
leachate colection systems can encounter a variety of conditions in different
parts of the Tlandfill ranging from the exposure environment for the cover
and venting system above the MSW to the environment in the leachate drainage
and liner system below the waste. Of particular importance are the liner
drainage and sump systems which are underload and may be in continual contact
with the leachate. A schematic of a closed landfill is presented in Figure
5-1.

Exposure conditions for an FML in an MSW landfill are represented
schematically in Figure 5-2. Some of the conditions at the base of such a
Tandfill should have no adverse effect on 1life expectancy of a polymeric FML
and other polymeric materials, whereas other conditions could be quite
deleterious. Some of the important conditions that exist at the bottom of an
MSW landfill in the proximity of the Tliner system and may influence its
service life are presented in Table 5-2.

The environment that a cover liner system is exposed to differs from
that at the bottom of a landfill. The principal function of a landfill
cover is to prevent the intrusion of water into the landfill and thus mini-
mize the production of leachate. The cover system as described in Chapter 7
includes an FML, layers of geotextiles, geonets, and possibly plastic pipes
for venting the gases generated within the landfill. A soil layer of two or
more feet in thickness can be placed on the FML and planted with grass and
shallow-root plants. The FML would prevent escape of gases which affect
plant growth. The load on the FML in the cover system would not be great;
however, the coefficient of friction between the soil and the FML would be a
significant factor, as a heavy rain could result in slippage of the heavy wet
soil on the FML surface. As MSW tends to consolidate unevenly with time,
strains in the FML and other components of the cover system could result and
cause breaks in the FML,

5.2.4 Surface Impoundments

The environmental conditions encountered by FMLs and other construction
materials in surface impoundments contrast greatly with those encountered in
an MSW Tandfill or in a water reservoir. Figure 5-3 schematically presents
the environmental conditions encountered by an uncovered FML in a service
impoundment. Depending on the waste or liquid being impounded, these condi-
tions can pose a much greater test of the durability of the materials. The
principal difficulties arise in the highly aggressive nature of some of the
wastes to be contained (e.g. in hazardous waste surface impoundments) and
the stringent requirements to prevent transport of waste constituents out of
the impoundment.

Environmental conditions that could be encountered by FMLs in service in

surface impoundments are listed in Tables 5-3 through 5-5 by type of exposure
within an impoundment. These tables describe the effect that particular
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environmental conditions can have on FMLs and ancillary materials. These
three types of exposure are:

- Exposure to weathering only (Table 5-3).
- Exposure at the air-waste liquid interface (Table 5-4).
- Exposure to waste liquid only (Table 5-5).

It should be noted that the design of the surface impoundment will depend on
the type of waste to be contained, i.e. whether or not the type of waste to
be contained is considered hazardous, etc. Figure 5-4 presents a schematic
drawing of an FML/composite double liner system for a surface impoundment for
storage of hazardous wastes or hazardous materials. This design shows the
leachate drainage or leak detection system that is required by the Hazardous
and Solid Waste Amendments of 1984 (EPA, 1984).

Final cover

Leachate Overburden Anchor

Conditions

® Moist - lsachate flowing
® Anaerobic

® Cool - 10-20°C

e Dark - no UV

® Slightly acidic leachate
® Faew % organics & salts
® Burden of waste

Leachate =g 3:':: RN

drain

to sump FML araded compacted
clean soil

Porous soil cover

Figure 5-2. Schematic of a lined MSW Tandfill showing basic components
and some of the environmental conditions that exist.
(Source: Haxo, 1976).

5.2.5 Hazardous Waste Landfills

The conditions that FMLs and other construction materials may encounter
in service in hazardous waste landfills are a combination of many of the
conditions that are encountered in MSW landfills and hazardous waste surface
impoundments. Figure 5-1 schematically illustrates the principal features of
a closed landfill including the FML bottom and cover liners. Figure 5-5
schematically represents a bottom double-liner system for a hazardous waste
landfill. This figure presents the basic requirements of a double Tiner,
showing the arrangements for drainage above the liner and the drainage and
leak detection system below the liner. Figure 5-6 is a schematic profile
of an FML composite double-liner system for a hazardous waste landfill; the
dimensions and specifications presently recommended by the EPA for each
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TABLE 5-2. ENVIRONMENTAL CONDITIONS ENCOUNTERED BY LINER
SYSTEMS DURING SERVICE IN AN MSW LANDFILL

Placement on a prepared surface, i.e. either a geotextile or a soil surface
which has been graded to allow drainage, has been compacted, and is free of
rocks, stumps, etc.

Anaerobic conditions. In an anaerobic environment, the lack of oxygen

can essentially eliminate oxidative degradation of the materials and
greatly reduce biodegradation by microorganisms; however, some designs for
drainage and leak-detection systems may allow air into a liner system.

No light; the absence of light removes a significant cause of polymer
degradation.

Generally wet-humid conditions, particularly if leachate is being generated
regularly, that could result in the leaching of ingredients, such as plas-
ticizers, from the FML.

Temperatures ranging from 40° to 70°F normally, although high temperatures
can be generated within the fill if aerobic decomposition takes place.

Generally slightly acidic conditions from the leachate due to presence of
organic acids formed in the degradation of the MSW.

High concentration of ions in the leachate that will probably have little
effect on FMLs, but may affect the soil below it if the liner is breached.

Considerable dissolved organic constituents in the leachate which may swell
and degrade some FMLs.

Only modest head pressure, since drainage through porous soil or geo-
synthetics above the FML is designed to take place continually.

Overburden pressure up to more than 100 psi on the FML and the leachate
collection and removal system. Overburden pressure can range from 10 to
more than 100 psi depending on the depth of the fill and the cover system.
High overburden pressure may cause damage to the FML if the soil below it
is rough and may pose severe conditions in the Teachate collection and
leak-detection systems, particularly if the materials used are sensitive to
constituents in the leachate. For example, the collapse of drainage pipe
above an FML would not only reduce leachate collection, but could also
result in puncturing of the FML. If the pipe is below the FML, a collapse
could result in localized subsidence that could cause a breach in the FML.

The presence of gases (i.e. carbon dioxide and methane) generated in the
anaerobic decomposition of the refuse. The carbon dioxide will probably be
dissolved in the leachate and contribute to its acidity and may cause
mineralization of the soil in the area of the liner and potential clogging
of the drainage system.
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component are shown (EPA, 1985). These requirements are discussed in more
detail in Chapter 7. Some of the major conditions that exist in a hazardous
waste landfill and differ from the conditions in a MSW landfill and surface
impoundment are discussed in the following sections.

~\\\\//

z =

/// N %
/// {\\\ Wind ~—____»

¥~ Splash pad  Inlet
— Sludge

Drain Membrane liner

Monitoring system Sand bed

Figure 5-3. Environmental conditions encountered by an uncovered FML in a
surface impoundment.

The organic constituents that are present in a hazardous waste landfill
may be more likely to partition to polymeric materials, such as an FML,
than the organic constituents of the leachate from an MSW. Many of the
organics are volatile and can migrate throughout a hazardous waste landfill
and be absorbed by polymeric materials that are not in direct contact with
the leachate. These organics can permeate the FML and be absorbed by ancil-
lary materials such as geotextiles and geonets. Depending on the organic,
this absorption can soften geonets and thus, in conjunction with the over-
burden placed on a drainage system, can reduce the drainage capacity of a
system that depends on geonets as the drainage medium.

In contrast to an MSW landfill, a hazardous waste landfill is probably
aerobic, which means that microbial action could proceed if the constituents
of the waste do not sterilize the microbes. Microbial action would aid in
the biodegradation of the contents of the landfill, but also may cause fungal
growth and potential clogging of the drainage system.

The hazardous waste will probably not generate the amount of gases that
are generated by MSW. Nevertheless, the volatile organics in the hazardous
waste landfill may need to be controlled as they can permeate the cover liner
and may affect plant growth on the cover. Also, hazardous wastes, if proper-
ly placed with a minimum amount of voids in a landfill, will not consolidate
as much as MSW does; consequently, the strains that might develop in a final
cover system placed on a hazardous waste landfill could be less than those
that develop in a cover for an MSW Landfill.
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TABLE 5-3. ENVIRONMENTAL CONDITIONS POTENTIALLY ENCOUNTERED
BY POLYMERIC FMLS IN WEATHER EXPOSURE IN SURFACE IMPOUNDMENTS

Condition

Potential effect on FMLs

Presence of air/oxygen

Ozone

Sunlight

High humidity/rain

Elevated temperatures:
Short-term

Long-term

Low temperatures

Wind

Mechanical stress

Fluctuating temperature
(diurnal, clear to cloudy)

Animals

Rain

Ice

Soil cover

Oxidation
Stiffening
Reduction of mechanical strength

Cracking of some FMLs at points of strain

Degradation of polymer:
UV - Stiffening and cracking
IR - High membrane temperature
Crosslinking of some FMLs

Water absorption, leaching of compounding
ingredients

Softening
Reduction of mechanical strength

Stiffening and loss of plasticizer
Acceleration of other forms of degradation

Possible embrittlement

Movement of the liner on the slopes
Stiffening and Toss of plasticizer

Flexing and mechanical damage due to wave
action on the FML, particularly if the
Targe dimension is oriented with the
prevailing winds

Cracking or tearing

Variation in strain in the FML being
installed

Complications in seaming operations
Punctures, gnawing of holes

Slipping of soil cover on the FML
surface

Puncture of some FMLs

Protects FML from UV Tight but may slip
on liner and pull Tiner down
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TABLE 5-4. ENVIRONMENTAL CONDITIONS POTENTIALLY
ENCOUNTERED BY POLYMERIC FMLS AT THE AIR-WASTE LIQUID
INTERFACE IN SURFACE IMPOUNDMENTS

Condition Potential effect on FMLs
Intermittent exposure Acceleration of degradation of FML
to weather and waste
liquids
Presence of oily layer Swelling of FML; softening of FML

or slicks on the
surface of the liquid

Wind and waves Flexing and mechanical damage

Evaporation of plasticizers and
antidegradents

Damage to underlying earthwork
Biological growth on Surface damage due to adhesion of

the surface of the FML the growth and cracking after
growth dries out

5.2.6 Waste Piles

Waste piles are noncontainerized accumulations of solid waste which can
be used for treatment as well as storage of dry materials. As they are
temporary in nature, design constraints on waste piles are generally less
rigorous than for liquid storage ponds or for long-term disposal facilities.
Even for hazardous waste handling purposes, waste piles may require only a
single liner under the facility; however, if a pile is closed as a permanent
disposal facility, it must be double-lined. This type of disposal unit is
usually constructed in relatively flat areas. Waste piles are used for the
short-term storage of high-volume dry wastes such as coal ash, for stacking
of abatement gypsum, for stockpiles of bottom ash, and for surge storage of
any dry, high-volume waste. A schematic of a typical gypsum stack design is
presented in Figure 5-7. The most important environmental condition to which
a liner system is exposed to in a waste pile is the overburden pressure.

5.2.7 Heap Leach Pads and Ponds

Liner systems based on FMLs are being used as barriers in heap leaching
of low-grade ores to recover valuable metals, i.e. gold and silver. In this
relatively recently developed technology (Hoye et al, 1987), the Tiner system
acts as a barrier not only to prevent the loss of the dissolved metals but
also to prevent the release to the environment of the cyanide or sulfuric
acid solutions used to dissolve the metals. Pads from 0.25 to 50 acres in
size are constructed of native or modified clays, FMLs (e.g. HDPE, PVC, or
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TABLE 5-5. ENVIRONMENTAL CONDITIONS POTENTIALLY ENCOUNTERED
BY POLYMERIC FMLS AND OTHER MATERIALS OF CONSTRUCTION IN EXPOSURE
TO WASTE LIQUIDS AND LEACHATES IN SURFACE IMPOUNDMENTS

Condition

Potential effect on FMLs

Presence of water and organics

Presence of strong acids, bases

Presence of vast array of
different organic chemicals

Presence of liquid with
similar solubility parameter

Mechanical stress, both
uniaxial and multiaxial
Waste temperature

Presence of air (probable)

High overburden pressure

Hydraulic head on liner
system (up to 30 ft)

Swelling

Softening and loss in strength
Increase in permeability
Possible stress cracking
Reduction of seam strength

Extraction of compound ingredients
Stiffening

Extraction of compound ingredients
Stiffening

Swelling and potential dissolution
of FML

Creep of liner, cracking

Acceleration of other effects
Softening and loss in strength

Oxidative degradation

Biological growth in drainage
system, e.g. pipe

Settling of the native soil base

Shifting of the components in the
liner system, particularly the
components of the leachate drainage
and the leak-detection systems

Hydrostatic pressure on the liner
system potentially resulting in
distortion of liner and stress
due to uneven subgrade surfaces

High flow through any hole in the
liner that might develop
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CSPE), or asphalt. Both single- and double-lined pads and ponds with leak
detection and solution collection systems have been used.

Protective
Soil or Cover Top Liner
(optional) (FML)

: Material

WL Component

Secondary Leachate

Collection and T T T e T T of Bottom
.- Drain % o fte Li
Removal System P::es N Low Pgrmeal_:ulrty S°'| DL Composite Liner
TR wmxwzr _
Native Soil Foundation Compacted Soil Component
of Bottom Composite Liner
NOTE:

Primary leachate collection system NOT TO SCALE

not used in surface impoundment,

Figure 5-4. Schematic of an FML/composite double-liner system for a surface
impoundment. (Based on EPA, 1985).

Protective
Soil or Cover Top Liner
(optional) (FML)

Filter Medium - l

o Dramage
/ Material

Primary Leachate': ~ —
Coliectionand =~ - :.) 0O 3 //{ 'e) FML Component
Removal System \ e et S / /" — - of Composite Liner
L Drain &&= LT '._"_'-:Zj." e
Secondary Leachate “..Pipes - LOW Permeabllrty SO“ \ Aé

. Compacted Soil Component
of Bottom Composite Liner

Collection and —==—7rgras— SRR
Removal System Native Soil Foundation
NOT TO SCALE

Figure 5-5. Schematic of an FML/composite double-liner system for a land-
fill. (Based on EPA, 1985).
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v1-4

MATERIALS

Graded Granular Fitter Medium

Granular Drain Material
(bedding)

RECOMMENDED
DIMENSIONS AND SPECIFICATIONS

Thickness 2 6 in.
Maximum Head on Top of Liner = 12 in.

Thickness =12 in.
Hydraulic Conductivity =1 x 10 2 civsec

O<———— Drain Pipe ———~>O

Flexible Membrane Liner (FML)

Granular Drain Material
(bedding)

Thickness of FML 2 30 mils

(see note)

Thickness 212 in.

Hydraulic Condudtivity =1 x 10-2crvsec
Drain Pipe

Flexible Membrane Liner (FML)

Low Permeability Soil, Compacted in Lifts
(soil liner material)

NOTE:

Values for FML thickness represent
actual values at all points across
roll width. FML thickness = 45 mils
recommended if liner is not covered
within 3 months.

Figure 5-6.

f Thickness of FML =30 miils
(see note)

Thickness = 36 in.
Hydraulic Conductivity <1 x 107/ crvsec

Prepared in 6 in. Lifts
Surface Scarified Between Lifts

Al

Unsaturated Zone

Groundwater Level

NOMENCLATURE

Solid Waste

Filter Medium

Primary Leachate Coilection
and Removal System

Top Liner (FML)

Secondary Leachate Coliechon
and Removal System

Compression Connection (contact)
Between Soil and FML

Bottom Liner (composite FML and
compacted low permeability soil)

Native Soil Foundation/Subbase

Schematic profile of FML/composite double-liner system for a hazardous waste

landfill presenting EPA draft guidance. Synthetic drainage media and synthetic

filter media can replace granular media if equivalency of performance is demon-

strated.

(Based on EPA, 1985).
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Figure 5-7. Typical gypsum stack design. (Source: EPRI, 1980,
p 16—6) .

The basic design and operational layout of heap Tleach projects are
similar at all facilities (Hoye et al, 1987). Low-grade ore is stacked
from 15 to over 50 ft high in engineered heaps on lined pads sloped 1 to
6% and a weak alkaline cyanide solution for gold and silver extraction and
sulfuric acid solution for copper extraction is sprayed over the ore. The
optimal pH of the solution for gold dissolution is 10.3, and the cyanide
content is maintained at approximately 250 mg L-1.  This solution has a pH
of 10.3 and a cyanide content of 250 mg L-1. The solution percolates
through the heap and dissolves finely disseminated free metal particles. The
pregnant solution flows over the pad to a lined collection ditch, which
carries the pregnant solution to a lined pond. The product metal 1is then
recovered from solution by precipitation or carbon adsorption (gold). Heap
leach operations are typically zero discharge facilities. The leaching cycle
is relatively short (20 to 90 days). At the end of the cycle, the ore is
rinsed with fresh water to remove residual cyanide solution and dissolved
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metals. The leached ore is then usually left in place. A conceptual flow
diagram of the heap Teach operation is presented in Figure 5-8.

Mining Crushing
Solution
Application
Solution
Collection
A
FML~- Lined Leach Pad
| Metal Recovery
v _/ Plant \__d
Pregnant Pond Barren Pond

Figure 5-8. Conceptual flow diagram of typical heap leach
operation. (Based on Leach et al, 1988).

The liner system in a heap leach system is usually exposed to a rel-
atively light load in comparison with other end uses, though some heap leach
projects are known to be 300 ft in depth which would yield a pressure of 350
psi on the liner system. However, an FML can be exposed to irregularities in
the surfaces containing it.

5.2.8 Secondary Containment Facilities

A relatively recent application of FMLs is in secondary containment of
substances that are potentially hazardous or could cause environmental
damage. This application is both for the secondary containment of hazardous
substances and liquids that may be stored in tanks above ground and of
liquids, such as petroleum and petroleum products, that are stored in under-
ground storage tanks. Waste liquids and in-process Tliquids may also be
stored in tanks that require secondary containment. In all cases, FMLs used
for secondary containment will contact the liquids being contained only in
case there is an emergency, i.e. in case there is leakage from the primary
storage tanks. When used for secondary containment of aboveground tanks,
such as for petroleum storage, the FMLs are usually covered with soil or
aggregate to protect them from weathering, wind 1ift, and mechanical damage.
Contact with the Tliquid being stored would be for relatively short time
periods until the liquid can be removed or evaporated. An FML used in
secondary containment of a liquid stored underground would not be exposed to
weather and to the liquid being stored except in the event of leakage from
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the tank. Figure 5-9 is a schematic of an underground storage tank with an
FML secondary containment.

Liner Turnback Liner Sleeve Monitoring Station
. 8, . $° ‘P
‘.':. . . & hd
T e ® PR U

.t Typical Trench and Liner

Membrane Liner

A0 .o 4 Washed Gravel

Sand Leveling Bed Dewatering Line

Figure 5-9. FML used for secondary containment. (Based on Haxo,
1984).

5.2.9 Uranium Tailings Ponds

Disposal of uranium tailings in surface impoundments has been the
conventional practice to date. Tailings are disposed of in any of several
types of surface impoundments near the mill, some of which are lined with
FMLs.  Such 1impoundments can be constructed as four-sided structures in
relatively flat areas; they can also be formed by constructing a dam or
embankment in an existing natural drainage area. In the latter case,
diversion ditches are constructed to divert runoff around the impoundment.
Embankments for impoundments have, in the past, been constructed of tailings,
but newer impoundments have been constructed from local earthern materials.
Heights of tailings embankments, which vary from 10 to 30 m (30 to 100 ft)
above surrounding terrain, can place a heavy overburden on a liner as well as
the drainage systems. The leachate generated in such facilities is essen-
tially inorganic, as is shown in Appendix A, and may be collected at the
bottom and recycled for use in the miltl.

5.3 PRINCIPAL ENVIRONMENTAL STRESSES ENCOUNTERED BY FMLS AND
OTHER MATERIALS OF CONSTRUCTION IN SERVICE IN TSDFS

In the previous section the conditions that FMLs and other materials
of construction encounter in service in individual types of waste storage
and disposal facilities are described. As the principal function of a
Tining system is to minimize or prevent the escape of toxic and hazardous
constituents of the wastes, it is necessary to prevent any breach in the
1ining system. The original low permeability of a lining system must be
maintained throughout its service Tlife.
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In reviewing the environmental stresses that construction materials
encounter in lining and drainage systems, it appears that these stresses
can be classified into two principal types: chemical and physical. These
stresses can affect the performance of an FML and other construction mate-
rials and reduce their service lives. Furthermore, these stresses may
act individually, but, in most cases, they will act together to determine
the service lives of these construction materials. Biological stresses,
which affect polymeric materials to a limited degree, have eliminated some
materials from subsurface applications. In particular, biological stresses
are a factor in the performance of some FMLs, such as those that contain low
molecular weight fractions. These stresses may become important factors in
very long exposures of materials that, at the present, appear to be resistant
to biodegradation.

In the following subsections these environmental stresses will be dis-
cussed in terms of the performance and permanance of FMLs.

5.3.1 Chemical Stresses

Due to the immense variety of wastes and combinations of dissolved
organic and 1inorganic chemicals in the wastes and waste liquids that are
contained in storage and disposal facilities, the effects of chemical stress
on the performance of liner systems 1is of primary concern, particularly for
long-term service. The effects of chemical stresses are manifested by:

- Degradation of the base polymer through oxidation, hydrolysis, photo-
oxidation, etc., which results in embrittlement and loss of physical
properties of the FML that may be important to its performance.

- Depolymerization, which results in softening and loss of physical
properties.

- Absorption of waste constituents, which can result in increased
permeability and loss in strength and other physical properties if
the amounts become sufficiently large.

- Extraction of components of the original FML compound.

The effects of chemical stress may take extended periods of time to become
apparent, particularly when the concentration of aggressive constituents in
a waste liquid is Tow.

Because of the known low permeability of polymeric FMLs to water,
gases, and other permeants, FMLs were considered as likely candidates for
lining waste storage and disposal facilities constructed on land. However,
at the time polymeric membranes were first being considered for such ap-
plications, there was great concern about the possible effects various
constituents in waste liquids would have on the serviceability of these
materials, even though considerable experience had already been accumulated
with using polymeric FMLs to contain specific liquids of known composition.
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A variety of FMLs had been successfully used in the impoundment and con-
veyance of water and in the impoundment of brines and some wastewaters. FMLs
had also been used to Tine facilities and equipment for handling very
specific chemicals and substances of known composition. Examples of such
facilities include lined chemical process equipment and storage tanks.
In this type of application, which was generally above ground, the required
service life was relatively short and, if a leak occurred in the lining, it
was accessible and could be repaired or replaced.

In all of these applications, there was no attempt to achieve a minimum
level of escape from the impoundment or conveyance system. In addition, the
materials being contained generally were not aggressive to the lining mate-
rials. However, as pointed out in Chapter 2, the waste liquids generated
by MSW or impounded in hazardous waste facilities contain a vast number of
different chemicals in complex mixtures, both organic and inorganic, some of
which in concentrated form can affect FMLs. It was not known how the various
FMLs would resist dilute aqueous solutions as well as uncontrolled concen-
trated solutions.

Exposure to some of the chemicals contained in waste liquids can
increase the permeability and result in changes in the stress-strain charac-
teristics of FMLs, and possibly even result in their disintegration with
time. These effects, which can be the result of absorption of constituents
from a waste liquid, are apparent on simple immersion in the liquid. Immer-
sion tests have been used by the polymer industry to determine the compati-
bility of polymeric compositions with various liquids in the selection and
design of compositions for service in contact with these liquids. In this
type of test, the weight changes and changes 1in physical properties are
measured to assess compatibility. Immersion-type simulations of field
service are performed as an initial assessment of the ability of the FML and
the other construction materials to perform in a liner system for a waste
storage and disposal facility.

This chapter, which presents data from simulated exposure tests, empha-
sizes the effect of the chemical environment on the tested FMLs. Data are
presented resulting from exposure of FMLs to actual waste streams to deter-
mine their chemical compatibility. Exposure conditions include both one-
sided exposure in test cells designed to simulate service environments and
two-sided in exposure in immersion-type tests. In addition, data are pre-
sented from immersion tests run either in neat solutions of various chemi-
cals that may be encountered in service or in dilute aqueous solutions.
Predominantly, the samples under exposure were not subject to concurrent
physical stressing.

Chemical stresses are also encountered in surface impoundments in
the area where the FML is exposed to the weather. The effects of the
chemical stresses are the result of:

- UV radiation.

- Infrared radiation.
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- Rain water.
- Oxygen.
- Ozone.

A1l these factors can contribute to the general aging of an FML exposed to
the weather. However, FMLs do not interact the same way with these factors;
for instance, unsaturated polymers will be not affected by the ozone which
can cause cracking in polymers such as neoprene and butyl rubber. Infrared
radiation interacts indirectly by raising the temperature of an FML and
thereby increasing the rate of oxidation and loss of volatile constituents
from the FML compound. The consequent effects on an FML can include harden-
ing, crazing or cracking of the FML surface, and reduction of physical
properties, such as tensile and tear resistance. Infrared radiation can thus
cause an FML to have 1less resistance to mechanical and abrasive damage.
Effects at the air-water interface can be more pronounced because of the
constant presence of chemicals in the water plus the oxygen and increased
temperature at the surface. Some of these stresses are simulated in tests
such as the tub test and in weathering tests.

5.3.2 Physical Stresses

A variety of physical stresses are encountered by FMLs and the other
construction materials used in liner and drainage systems. These stresses,
which can be independent of any chemical stresses, take place primarily
during construction and during the early service life of a waste facility
when the waste liquid is not in contact with the FML or the other construc-
tion materials. In the case of FMLs, some of the potential physical stresses
that can be encountered are:

- Stresses during installation due to the laying out of the FML on the
ground.

- Stresses during placement of a soil cover on an FML.
- Stresses due to dropped tools, etc., which could result in puncture.
- Stresses due to traffic.

- Shrinkage stresses at toes of slopes due to heating of the FML and
inadequate allowance for shrinkage.

- Low temperature stresses due to inadequate allowance for thermal
contraction.

- Stresses over irregularly shaped surfaces due to large aggregates
next to the surface of the FML (Figure 5-10).

- Distortion of an FML placed on a geonet due to inadequate thickness
or stiffness,
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- Biaxial stresses which may cause rupture at low elongations, parti-
cularly of semicrystalline FMLs.

Figure 5-10. Schematic showing stresses in an FML that
would be caused by large aggregates in cover
and subgrade and compressive loading.

The effects of load can reduce the drainage capacity of both geotextiles
and geonets, since both of these materials will show significant reductions
in transmissivity with increasing overburden. Similar effects can be en-
countered in the improper sizing of drainage pipes.

Other physical stresses that are of importance are abrasion and fric-
tional effects. Abrasion of FMLs can take place during the installation of
a cover, and a lack of friction between the components in a layered system
can cause instability and slippage of the soil cover on an FML.

An important physical stress that affects all of the polymeric materials
that are used in the construction of waste storage and disposal facilities is
the effect of creep under constant or variable load. Creep is a time effect
which can cause puncture or rupture in an FML placed on an irregular surface
or cause compression or collapse of geotextiles or geonets after long-term
exposure effectively reducing their drainage capabilities. Polymeric mate-
rials under constant load are subject to fatigue failures such as have been
encountered in pipes (Lustiger, 1986).

Some of the physical stresses that have been simulated in performance-
type tests are described and discussed in this chapter.

5.3.3 Combination of Chemical and Physical Stresses

Once a waste storage and disposal facility is in service, FMLs and other
materials of construction in the facility are under both chemical and physi-
cal stresses. The effects under chemical and physical stresses can combine.
For example, the effects of creep under load can be highly aggravated by the
effects of softening due to absorption of components from the waste. This
would be particularly apparent with geonets and geotextiles that would be
used in the drainage systems. It also may affect the FML that is placed over
geonets. Simulation tests of this condition are presently being performed by
Southwest Research Institute. This kind of data is being requested by some
regional offices of the EPA as a part of the Part B applications.
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Other ways 1in which the combined chemical and physical stresses can
affect FMLs include the following:

- The absorption of organics and subsequent swelling of the FML can
cause it to increase in permeability.

- Unsaturated polymers such as butyl rubber and neoprene exposed
simultaneously to mechanical stresses and ozone can crack.

- Improperly formulated semicrystalline FMLs under mechanical stresses
when in contact with some chemicals can crack by environmental stress
cracking.

5.3.4 Biological Stresses

In general, the polymeric compositions that are being used in the
construction of waste storage and disposal facilities have shown a very high
resistance to biogradation, as is discussed in Chapter 4. Two types of
biological stresses have been observed:

- Biodegradation of monomeric plasticizers has occurred in compositions
compounded with these plasticizers, particularly in some PVCs.

- Fungal growth on the surface of FMLs in wastewater lagoons has occur-
red at the air-water interface. The fungal growth has dried on the
FML and caused the FML to shrink and crack starting at the surface.

The compounding of PVCs for FMLs can avoid for extended time the deteri-
oration by biodegradation of plasticizers through the use of biocides and the
proper selection of plasticizer. The potential fungal growth on the compo-
nents of a leak detection and/or drainage system is of concern because oxygen
is present in the system.

5.4 EFFECTS OF CHEMICAL STRESSES ON FMLS AND ANCILLARY
CONSTRUCTION MATERIALS

The chemical compatibility of the materials used in the construction of
waste storage and disposal facilities with the wastes to be contained was of
major concern when the concept of lining such facilities was first considered
in the late 1960s. Although there had been considerable use of liners in the
abeyance and storage of water, there was concern about the effect various
components of a waste liquid could have on an FML. Consequently, the EPA
undertook several research programs to develop information needed to estab-
1ish the adequancy of various FMLs and other materials for use in the con-
struction of disposal facilities. In addition, other organizations also
initiated research programs to determine the adequacy of liner materials for
wastes generated by a specific industry.
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In this section, results of several of these programs involving MSW,
hazardous and toxic wastes, wastes from coal-fired power plants, and various
industrial liquids and wastes are reported. In these research programs
attempts were made to simulate conditions that would exist in the facilities
and to design tests that would predict the performance of the lining mate-
rials being tested. In particular, there was interest in the permeability of
FMLs to various organic chemicals, both in solutions and as neat chemicals.
Many of these FMLs were subjected to immersion-type tests with specific
chemicals and others to tests with simple aqueous solutions. An outcome of
the testing was the development of a liner-waste compatibility test by the
EPA, i.e. Method 9090 (EPA, 1986), which is described and discussed in this
section.

5.4.1 Simulation Tests of FMLs

5.4.1.1 Exposure to MSW Leachate in Landfill Simulators--

To simulate the conditions of one-sided exposure of FMLs to MSW landfill
leachate, Haxo et al (1982 and 1985a) placed 2-ft diameter liner specimens
under 8 ft of ground refuse in landfill simulators (Figure 5-11). An in-
dividual simulator consisted of a 2-ft diameter steel pipe, 10 ft in height,
placed on an epoxy-coated concrete base (Figure 5-12). The six polymeric
FMLs that were exposed as liners in the simulators were based on the follow-
ing polymers:

- Butyl rubber (IIR).

Chlorinated polyethylene (CPE).

Chlorosulfonated polyethylene (CSPE).

Ethylene propylene rubber (EPDM).

Low-density polyethylene (LDPE).

Polyvinyl chloride (PVC).

Note: In this experiment, two sprayed-on FMLs and four admixed
liner materials were concurrently exposed and tested.
Results of these tests are reported in Sections 5.9 and
5.10, respectively.

The FML specimens were sealed in the simulator bases with epoxy resin so
that leachate could not bypass the 1liners. Each FML specimen had a seam
through the center which was made either by the manufacturer or in the
laboratory in accordance with the standard practice recommended by the
supplier. Approximately 1 yd3 of ground MSW was compacted above each Tiner
in approximately 4-in. 1ifts to yield a density of 1240 1b yd=3 at a 30%
water content. The refuse was covered with 2 ft of soil and 4 in. of crushed
rock.
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Figure 5-12, Base of the landfill simulator in which the FMLs were exposed.

The refuse at the bottom of the column was anaerobic. The
leachate was maintained at a 1-ft head by U-tubes. Plastic
bags were sealed at both outlets. Strip specimens of FMLs were

buried in the sand above the liner for exposure to leachate
(Source: Haxo et al, 1982).
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Tap water was introduced at the rate of 25 in. per year. Leachate
generated in each cell was ponded above the specimen at a 1-ft head by
continual draining into a collection bag. The simulators were designed to
collect any leachate that seeped through the liner specimens.

In addition to the FML specimens exposed as liners, 2.5 x 22-in. speci-
mens were buried in the sand above the liner specimens, Because leachate was
ponded to a depth of 1-ft above the liners, the buried specimens were totally
immersed throughout their exposure. These specimens were included in the
study to increase the number of FMLs being tested and to compare the effects
of two-sided exposure with the effects of one-sided exposure.

Two specimens of each of the FMLs tested were exposed in the simulators.
The simulators exposing the first set of specimens were dismantled at the end
of 12 months, and the simulators exposing the second set were dismantled at
the end of 56 months. The specimens removed from the simulators were tested
for physical and analytical properties. These tests are listed in Table 5-6.

The average composition of the 1leachate produced in the simulators
at the end of 12 months, when the first set of FML specimens was recovered
and tested, is shown in Table 5-7. The strength of the leachate, as measured
by total solids, nonvolatile solids, and total volatile acids in the simu-
lators decreased with time, as is shown in Figures 5-13 and 5-14. Initially,
the composition of the leachate generated by the simulators was fairly
uniform. However, as the concentrations of the dissolved salts and organic
and acids in the leachates decreased with time, variations developed in their
relative concentrations in the different simulators.

None of the FML specimens allowed any seepage. The epoxy seals in
three of the bases, however, failed during the last year of operation of
the simulators. The absence of seepage collected below the liners, except
in cases where the epoxy sealing ring distintegrated, confirms the very
low permeability of FMLs to MSW leachate. The results also show that the
seams in the FML specimens were adequate for these exposure conditions.

The exposed FML specimens were cut from the bases while they were
still wet and sealed in PE bags to keep them in a moist condition until they
were tested. All tests were made on samples as taken from the bases, i.e.
none of the samples was dried prior to testing. In all of the bases from
which the specimens were cut, the square-woven glass fabric and gravel below
the FML were in an "as new" condition, except in the base that contained
the CSPE FML, where a small area of the glass fabric was stained. Close
examination under magnification of the sheeting immediately above the stain
showed that a small piece of foreign material existed in the liner compound,
which resulted in a pinhole.

The results of the analytical and physical testing of the FMLs before
and after exposure are presented in Table 5-8. All tests on exposed samples
were made as soon as possible after removal from service. This procedure
determines the properties of the FMLs as they existed in the actual service
environment.
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TABLE 5-6. TESTING OF POLYMERIC FMLS

Before and After Exposure to Leachate Produced
in the MSW Landfill Simulator

Thickness

Tensile properties, ASTM D412*
Hardness, ASTM D2240

Tear strength, ASTM D624, Die C

Water absorption at room temperature and 70°C,
ASTM D570 (unexposed only)

Seam strength, in peel and in shear

Puncture resistance, Federal Test Method Standard
No. 101C, Method 2065

Water vapor transmission, ASTM E96 (unexposed only)
Specific gravity and ash (unexposed only)
Volatiles, Matrecon Test Method 1 (Appendix G)
Extractables, Matrecon Test Method 2 (Appendix E)

*The references at the end of this chapter include the
ASTM standards used in this chapter, along with the
title of the standard.

TABLE 5-7. ANALYSIS OF LEACHATE
FROM MSW SIMULATOR3

Test Value
Total solids, % 3.31
Volatile solids, % 1.95
Nonvolatile solids, % 1.36
Chemical oxygen demand (COD), g L-1 45.9
pH 5.05
Total volatile acids (TVA), g L-1 24.33
Organic acids, g L-1:
Acetic 11.25
Propionic 2.87
[sobutyric 0.81
Butyric 6.93

dAt the end of the first year of operation
when the first set of FML specimens were
recovered.

Source: Haxo et al, 1982, p 49.
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TABLE 5-8. EFFECT ON PROPERTIES OF POLYMERIC FMLS AFTER 12 AND 56 MONTHS OF EXPOSURE TO LEACHATE IN MSW LANDFILL SIMULATOR

Exposure Butyl
Item Test method?d time, months rubber CPE CSPE EPDM LDPE PVC
Type of compoundd XL ™ TP XL cX TP
FML number¢ cee cos 7 12 6R 16 21 17
Analytical properties
Volatiles (2 h at 105°C), % MTM-1 0 0.10 0.29 0.50 0.00 0.09
ven 12 2.02 6.84 12,78 5.54 0.02 3.55
vee 56 2.37 7.61 13.90 5.74 1.95 2.08
Extractables after removal MTM-2 Q 11.0 7.5 3.8 31.8 vee 37.3
of volatiles, % 56 9.8 5.1 3.4 28.3 3.37 34.4
Solventd .es cee MEK n-heptane acetone MEK MEK CCla+
CH30H
Physical properties
Thickness, mil 4] 63 32 36 51 12 21
12 64 35 38 51 11 21
56 64 37 37 49 10 22
Tensile strength®, psi ASTM D412 0 1435 2275 1765 1480 2145 2580
12 1395 1810 1640 1455 2465 2350
56 1465 1960 2110 1460 2585 2740
Elongation at break® ASTM D412 0 400 410 250 415 505 280
12 410 400 300 435 505 330
56 405 385 235 375 540 340
Set after breake, % ASTM D412 1] 17 430 115 12 370 73
12 14 210 105 12 430 57
56 12 160 60 6 410 62
Stress at 200%
elongation®, psi ASTM D412 0 695 1330 1525 755 1260 1965
12 685 1090 1245 740 1205 1550
56 750 1140 1825 800 1325 1810
Tear strength (Die C)e, ppi ASTM D624 0 175 255 f 180 390 335
12 200 320 ven 195 495 450
56 185 170 P 130 405 285
Hardness, Durometer points, ASTM D2240 0 51A 77A 79A 54A cos 76A
10-second reading 12 50.5A 65.5A 64A 51.5A .oe 64A
56 51A 70A 70A 51A eos 70A
Puncture resistanced FTMS 101C,
Method 2065
Maximum force-average, 1b 0 44,8 47.0 32.9 39.4 13.9 25.8
12 49.5 49.8 57.0 40.1 14.8 30.1
56 50.0 51.8 58.2 41.5 17.1 31.3
Deformation at puncture, in. 0 1.22 1.04 0.60 1.44 0.76 0.69
12 1.20 0.98 0.88 1.18 0.80 0.70
56 1.25 0.98 0.86 1.19 1.24 0.84

continued . . .
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TABLE 5-8. CONTINUED

Exposure Butyl
Item Test method time, months rubber CPE CSPE EPDM LDPE PVC
Seam strength
Location of seam prep-

aration cee eee Lab Lab Lab Factory Lab Factory

Bonding system ces P Adhesive Solvent Cement Adhesive Heat Cement

(LVT)R THF : Toluene (Lvm)h
50:50

Peel strength, avgerage, ppi 0 3.8 10.0 >30.01 5.4 >15.61.3 4.0
12 2.9 5.2 3.4 2.0 vee 5.1
56 3.4 2.9 1.8 7.1 >12.0 5.6
Shear strength, ppi 0 30.0 >57.01 50,01 44.5 >20.21 >2.72
12 42.0 >35.0 40,2 24.3 >11.4J,k >25,61
56 17.0 17.0 10.0 18.0 11 22}

aMTM = Matrecon Test Method.

bXL = Crosslinked; TP = thermoplastic; CX = semicrystalline thermoplastic.

CContractor's serial number. R indicates liner is fabric reinforced.

dsglvents used in extraction: MEK = methyl ethyl ketone; CCl4+CH30H = 2:1 blend of carbon tetrachloride and methyl alcohol.
€Average of values in machine and transverse directions.

fTest method not applicable to fabric-reinforced materials.

9Rate of penetration of probe: 20 inches per minute.

NLow temperature curing cement.

iBreak in specimen outside of seam.

JSeam failed at initial peak.

kSeam in the polyethylene liner used in the steel pipes; tabs in the liner specimens mounted in base were too short.



To estimate the amount of MSW Teachate absorbed by the FML specimens,
the volatiles contents of samples of the exposed materials were measured.
The results indicated that the CSPE, CPE, and EPDM FMLs, in this order, had
absorbed the greater amounts of leachate. The LDPE, PVC, and butyl liners
had the lower volatiles contents and absorbed lesser amounts of leachate.

The extractables contents of the exposed FML specimens were measured
to determine the nonvolatile organics in the FML compound and the effect of
exposure on the composition of the FMLs. By comparing the extractable con-
tents of an exposed specimen that has been dried with the extractable con-
tents of the unexposed FML, the amount of plasticizer or other ingredients
in the compound that has been extracted by the leachate can be calculated.
In all cases, the extractables after 56 months were about 10% lower than
the original extractables, indicating loss in the original plasticizer
contents.

The tensile properties of the FMLs varied; the tensile strength ranged
approximately from 1400 to 2500 psi. The changes with exposure time were
only modest and many may have been within experimental error, though several
showed trends toward increasing values probably a result of either loss of
plasticizer or, in the case of the CPE and CSPE FMLs, crosslinking. Tests
which reflect the stiffness of the materials, such as modulus (e.g. stress at
200% elongation) and hardness showed a minimum at 12 months. These minima
probably reflect the changes in the composition of the leachate with time; at
12 months the Tleachate concentration showed significantly higher organic
content than it did at 56 months. 1In all cases tear strength and puncture
resistance remained at satisfactory levels over the 56 months of exposure.

Though the FMLs showed good retention of properties during exposure,
there was a significant drop in several cases in the seam strength of the
materials, particularly in the CPE, CSPE, and EPDM specimens; however, this
loss of seam strength did not result in any seepage or leakage through the
specimens. The fact that no leakage occurred may have been due to the lack
of uniaxial or biaxial stress on the specimens. The simulators were designed
principally to assess compatibility. Stressing of the specimens was avoided
because of doubts that stress could be controlled.

Overall, the net changes in the physical properties of the FMLs result-
ing from 56 months of exposure were relatively minor. Al1l of the FMLs
softened to varying degrees during the first 12 months, probably the result
of absorption of organic constituents of the leachate. In the interval of
time to 56 months, the PVC, CSPE, and CPE FMLs rehardened slightly, possibly
indicating, in the case of the PVC FML, Toss of plasticizer and, in the case
of the CSPE and CPE FMLs, crosslinking of the polymers. They all recovered
most of their tensile properties that were lost due to the initial softening.
These three FMLs were all thermoplastic and uncrosslinked.

The results of this experiment are indicative of the concentration
effect and an equilibrium in the swelling with changing concentration of the
organics. Of the six polymeric FMLs, the LDPE best maintained original
properties during the exposure period, as is shown in Table 5-8; it also
absorbed the least amount of leachate. However, this FML, which was 10 mils
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in thickness, had too Tow a puncture resistance for use in lining a landfill.
This deficiency was confirmed by the difficulties encountered in its per-
formance as a lining of the steel pipes of the simulators, in the preparation
of the primary liner specimens, and in the fabrication and use of the LDPE
leachate collection bags. The butyl rubber and EPDM FMLs, which were cross-
linked changed slightly more 1in physical properties than did the LDPE FML
during the exposure period.

A comparison of the swelling of FMLs in water at room temperature and in
the leachate generated in the simulators is presented in Table 5-9. The data
for most of the FMLs showed that the swelling in leachate was significantly
higher than that in water in spite of the dissolved inorganic constituents in
the leachate. This greater swelling was probably due to the absorption of
organic constituents in the leachate. The neoprene and CPE FMLs, both of
which are chlorine-containing polymers, swelled less in leachate than in
water. As MSW leachate generally contains salt, this behavior reflects a
commonly observed effect of such polymers when they are immersed in aqueous
salt solutions as compared with immersion in water. The salt concentration
depresses the absorption of water by chlorinated elastomeric-type polymers.

5.4.1.2 Exposure to Hazardous Wastes in One-Sided Exposure Cells--

An exploratory experimental research project was conducted (1975 - 1983)
by Haxo et al (1985b and 1986) to assess the relative effectiveness and
durability of a wide variety of liner materials when exposed to nine differ-
ent wastes which were deemed to be hazardous by EPA in Cincinnati. The liner
materials were placed in a variety of exposures that simulated different
aspects of service in on-land waste storage and disposal facilities. These
exposures included immersion tests, pouch tests, and tub tests, the results
of which are described in separate sections in this chapter, and exposure in
one-sided exposure cells. The materials studied included compacted soil,
polymer~-treated bentonite-sand mixtures, soil cement, hydraulic asphalt
concrete, sprayed-on asphalt, and 31 FMLs which were based on PVC, CPE, CSPE,
EPBM, neoprene, butyl rubber, ELPO, and PEL. Four semicrystalline polymeric
sheetings (PB, LLDPE, HDPE, and PP), though not compounded for use as liners,
were included in the study because of their known chemical resistance and use
in applications requiring good chemical and aging resistance. HDPE FMLs were
not commercially available in the United States at the time the project was
initiated. The results of exposing the admixed and sprayed-on liners are
discussed in Sections 5.9 and 5.10, respectively.

Eight polymeric FMLs were subjected to one-sided exposure in test cells
to nine actual waste 1iquids, including two acidic wastes, two alkaline
wastes, three oily wastes, a blend of lead wastes, and a pesticide waste.
Analyses of the various wastes are presented in Appendix J.

Each individual test cell functioned as a permeameter by allowing col-
lection of seepage that might occur below the liner specimen. Exposure in
the cell simulated the exposure of a Tiner at the bottom of a pond. Each
cell exposed a test specimen to approximately 1 cu ft of waste at a depth
of 1 foot. The cells designed to expose the FML samples are presented
schematically in Figure 5-15.
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Exposure specimens of each FML were fabricated in accordance with
the design shown in Figure 5-16. When pieces A and B were seamed together,
a l.5-in. strip of polyethylene was placed along the edge of the seam on
the pull tab to prevent bonding of surfaces in this area so that the seam
could be tested in peel. Piece C was butted against the seam edge and tacked
in place as a spacer to produce a double thickness around the cell flange
area.

A1l of the specimens featured a seam that could be tested in both shear
and peel modes. Seams were made in accordance with the instructions of the
specific membrane supplier and, in some cases, with his materials. As most
seams in fabricated liners are parallel to the machine direction of the
sheeting, the seams fabricated in the test specimens were parallel to the
machine direction. All seams were 2-in. wide. For fabric-reinforced FMLs,
the seams were fabricated so that the edge of the top piece ("B") that faced
the waste was a selvage edge. This avoided exposing the cut ends of the
reinforcing fabric directly to the waste liquid. The underside of the FML
had a 1.5-in. tab left free for peel testing.

Before fabricating the liner specimens for mounting in the long-term
exposure cells, sample seams were made and tested. If the sample seams were
satisfactory, fabrication of the specimens began. Seams of most materials
were considered satisfactory if, when tested in shear, they did not fail in
the adhesive. For crosslinked liner materials, whose seams intrinsically
fail in the adhesive, the seams were considered satisfactory if they reached
strength levels previously determined to be acceptable. If seams were
unsatisfactory, a second set of sample seams was made and tested. In some
cases, cleaning the liner surface before seaming had been inadequate; in
others, insufficient adhesive had been applied. The EPDM and butyl rubber
FMLs came from the same supplier, and were seamed with the same adhesive
system, which was a low-temperature vulcanizing system and which included a
two-part adhesive, gum tape, and a caulking compound. Figure 5-17 presents
an unassembled exposure cell, with an FML specimen, before assembly. Table
5-10 shows the combinations of FMLs and wastes that were placed in exposure.

Testing of the FMLs before and after exposure to the hazardous wastes
was performed in accordance with the methods listed in Table 5-11. The
exposure times for each FML-waste combination are presented in Table 5-12,
The results of testing the exposed FMLs are summarized in Tables 5-13 through
5-16, which present the results of determining the percent volatiles, percent
extractables, percent retention of stress at 100% elongation, and percent
retention of elongation at break of the exposed samples. The data show the
effect of the waste at each exposure time on each of these properties.
They also show both the variation in magnitude of the effects on different
FMLs by a given waste and the different effects of the different wastes on a
given FML.

Information on the seams and on the retention of seam strength are
given in Tables 5-17 through 5-19. Table 5-17 presents information on the
type of seaming procedures along with information on the fabricator of the
seams. Table 5-18 presents the results of testing the seam strength of the
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TABLE 5-9. COMPARISON OF WATER AND MSW LEACHATE ABSORPTIONS
BY POLYMERIC FMLS IN ONE YEAR AT ROOM TEMPERATURE

Weight gain after
immersion, %

FML In tap In MSW
Polymer numbera water Teachateb

Butyl rubber 7¢ 1.60 1.87
22 1.70 2.54
24 1.10 1.27
Chlorinated polyethylene 12¢ 13.1 12.5
13R 19.6 14.3
23 15.5 11.8
Chlorosulfonated polyethylene 3 17.4 27.38
4R 18.0 25.78
6R 9.20 18.85
14R 11.2 9.6
Ethylene propylene rubber 8 1.40 6.76
16¢ 4.80 6.08
25 1.50 6.37
26 1.60 10.4
Neoprene 9 22.7 22.0
Polybutylene 20 0.25 0.43
Polypropylene 27 0.28 0.70
Polyvinyl chloride 10 1.85 7.33
11 1.85 5.42
15 2.10 5.16
17¢ 1.85 3.50
19 0.60 0.92

dMatrecon identification number; R = fabric-reinforced.

bSample exposed in MSW simulators in sand above FMLs. A1l data
calculated from volatiles data. Volatiles of unexposed FML was
assumed to be zero.

CSample of FML also mounted in MSW landfill simulator bases.
Source: Haxo, 1977, p 156.
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TABLE 5-10.

COMBINATIONS OF POLYMERIC FMLS AND HAZARDOUS WASTES TESTED IN ONE~SIDED EXPOSURE CELLS

Wastes?
Pest-
Acidic Alkaline 0ily icide
Number “HNO3-HF- “Slop “Spent “Lead “Slurry *0il Pond “Weed “Weed
FML of “HFL" HOAC” Water™ Caustic" Waste” oil" 104" 011"  Killer"
Polymer numberd  cells {W-10) (W-9) (W-4) (W-2) (W-14) (W-15) (W-5) (W-7)  (W-11)
Butyl rubber 57 8 ces 2 ces 2 2 eve aee cen 2
Chlorinated polyethylene 77 10 e 2 con 2 2 eoe 2 vee 2
Chlorosul fonated polyethylene 6 10 cen 2 cee 2 2 PN 2 cer 2
Elasticized polyolefin 36 15 1 2 1 2 2 2 2 1 2
Ethylene propylene rubber 26 8 cos 2 ves 2 2 ees eee eee 2
Neoprene 43 8 “ee - .o 2 2 eee cee 2
Polyester elastomer 75 12 ces 2 ces 2 2 2 2 cese 2
Polyvinyl chloride 59 15 1 2 1 2 2 2 2 1 2

2Matrecon waste serial number shown below identification,

bMatrecon FML serial number.
Source: Haxo et al, 1985b, p 106.

Analyses of wastes are summarized in Appendix J.



TABLE 5-11., TESTING OF POLYMERIC FMLS EXPOSED TO HAZARDOUS WASTES

Unexposed Exposed
Test FML FML
Analytical properties
Specific gravity, ASTM D297/D792 Yes No
Volatiles, MTM-1 (Appendix G) Yes Yes
Ash, ASTM D297, Section 35 Yes No
Extractables, MTM-2 (Appendix F) Yes Yes
Water absorption or extraction at room 3 at each
temperature and 70°C, ASTM D570 temperature No
Physical properties
Thickness Yes Yes
Tensile properties?, ASTM D412 5 in each 3 in each
direction direction
Hardness, ASTM D2240, 5 second 5 5
(Duro A; Duro D also if Duro A >80) measurements measurements

Tear strengthP, ASTM D624, Die C

Puncture resistance, FTMS 101C,
Method 2065

Seam strength, in 90° peel,
ASTM D413€

Seam strength, in shear,
ASTM D882 (modified)¢

Water vapor permeability, ASTM E96

5 specimens
in each
direction

5 specimens

3 specimens

3 specimens

3 specimens

3 specimens
in each
direction,

2 specimens

3 specimens

3 specimens

No

dMeasured with special dumbbell which featured smaller tabs, a shorter
overall length, and a shorter narrowed section in comparison with the
ASTM D412 Type IV dumbbell. At the time this project was initiated, it
was desired that all FMLs be tested in accordance with the same test
methods. Limited testing of the fabric-reinforced FMLs was performed
towards the end of the project in accordance with ASTM D751, Strip Method.

bunreinforced sheeting, only.

Cl-in., wide strips tested at a 2-ipm jaw separation rate.

Source: Haxo et al, 1985b, p 62.
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TABLE 5-12, EXPOSURE OF POLYMERIC FMLS TO HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS - DAYS OF EXPOSURE

Wastes?d

Acidic Alkaline Oily Pesticide
“HNO3-HF-  "Slop "Spent "Lead “Slurry "0il Pond “Weed *Weed

Polymeric FML “HFL" HOAC*" Water" Caustic" Waste" 0il" 104" 0il” Killer®
Polymer Numberb (W-10) (W-9) (W-4) (W-2) (W-14) (W-15) (W-5) (W-7) (W-11)
Butyl rubber 57R voe 505 cee 526 499 s cee oes 500
ces 1218 ees 1249 1339 aee ces coe 1258
Chlorinated polyethylene 77 cos 459 ces 526 499 een 521 ces 500
.o 1218 cee 1249 1334 cos 1358 .ee 1258
Chlorosulfonated polyethylene 6R ces 505 aes 526 499 ees 521 ree 504
eee 1218 eee 1249 1343 cee 1357 cee 1258
Elasticized polyolefin 36 2293 505 2300 526 499 327 521 vee 494
cee 1217 ces 2677 1343 2355 1357 cos 2699
Ethylene propylene rubber 26 ces 497 ces 526 499 eee ces cee 500
“ee 1147 ves 124 1344 vee ces cee 1258
Neoprene 43 vos veo vee 526 499 ves 521 ces 494
“ee ves ves 1237 1342 eee 1356 .o 1257
Polyester elastomer 75 “ee 323 ces 526 499 328 521 cer 501
. 509 cee 1237 1342 - 1357 .er 1258
Polyvinyl chloride 59 1565 505 1565 526 499 327 521 ves 500
. 1352 tes 1249 1345 ves 1356 ces 1258

3Matrecon waste serial number shown below identification.

bMatrecon FML serial number; R = fabric-reinforced.

Source: Haxo et al, 1985, p 1lil.

Analyses of wastes are summarized in Appendix J.
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TABLE 5-13. EXPOSURE OF POLYMERIC FMLS TO HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS - PERCENT VOLATILESA

WastesP

Acidic Alkaline 0ily Pesticide
Original "HNO3-HF-  “Slop "Spent "Lead "Slurry "0i1 Pond “Weed “Weed

Polymeric FMLC value, YHFL" HOAc" Water" Caustic" Waste" 0il" 104" oil" Killer"
Polymer Number % (W-10) (W-9) (W-4) (W-2) (W-14) (W-15) (W-5) (W-7) (W-11)
Butyl rubber 57R 0.29 5.92 1.75 2.79 4,10
cee 11.46 1.37 3.53 4.79
Chlorinated polyethylene 77 0.14 vee 7.82 ves 2.32 11.58 vee 3.69 cee 4.99
vee 13.18 2.79 19.20 10.11 7.91
Chlorosulfonated polyethylene 6R 0.51 vee 4,69 ves 4.77 1.08 .o 7.51 cae 8.00
vee 7.18 vee 5.77 11.44 10.25 9.73
Elasticized polyolefin 36 0.15 1.46 3.20 10.83 1.25 1.03 0.38 2.15 ces 0.13
5.26 1.01 1.53 4,02 5.12 0.58
Ethylene propylene rubber 26 0.50 eee 8.95 cee 1.27 2.83 ces ces ces 3.34
12.02 1,31 5.25 ves 6.29
Neoprene 43 0.45 cee .es eee 4,40 18.01 cee 12.99 coe 11.29
5.67 17.50 21.31 13.63
Polyester elastomer 75 0.26 eee 0.39 P 0.65 2.63 0.40 1.27 cen 0.60
4,74 0.89 1.72 2.59 2.92
Polyvinyl chloride 59 0.31 9.90 12.08 18.72 2.34 3.34 0.29 1.70 cee 2.30
13.94 1.85 4.43 4,19 3.61

3Respective durations of exposure are presented in Table 5-12.

bMatrecon waste serial number shown below identification. Analyses of wastes are summarized in Appendix J.
CMatrecon FML serial number; R = fabric reinforced. Full unexposed property data are presented in Appendix F.
Source: Haxo et al, 1985b, p 116.
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TABLE 5-14, EXPOSURE OF POLYMERIC FMLS TO HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS ~ PERCENT EXTRACTABLES2

WastesD
Acidic Alkaline 0ily Pesticide
Original “HNO3-HF-  “Slop “Spent “Lead “Slurry *0il Pond "Weed "Weed
Polymeric FMLC value, “HFL" HOAc" Water" Caustic" Waste" oil" 104" oil" Killer"

Polymer ~ Number % (W-10) (W-9) (W-4) (W-2) (W-14) (w-15) (W~5) (W-7) (W-11)
Butyl rubber 5TR 6.36 ves ves eoe cose 7.75 ves . ces 5.15
.ee 8.65 ves 7.86 7.86 vee vee cee 7.62

Chlorinated polyethylene 77 9.13 cee 10.09 aee eee 7.31 cee cee cen 9.72
ves 9.41 . 9.10 7.24 aes 17.00 cer 9.41

Chlorosul fonated polyethylene 6R 3.77 P ces .o 4,77 3.52 vee ces “es 4.13
.ee 4,62 . 5.77 5.95 vee 9.45 vee 5.39

Elasticized polyolefin 36 5.50 5.40 5.40 1.70 eee 5.66 13.94 13.72 aee 7.14
cee 7.09 eee 5.96 8.06 23.88 20.74 vee 6.86

Ethylene propylene rubber 26 22.96 cee 21.36 ees vee 22,27 cee ces .o 23.13
. . . 23.95 26.01 . . vee 25.20

Neoprene 43 13.69 ces .o ses ces 12,54 P coe vos 13.25
eve .oo . 13.69 12,15 . 15.86 . 16.14

Polyester elastomer 75 2.74 .o 10.77 eoe 3.85 2.98 9.91 5.68 eee 5.15
.ee 13.36 . 3.31 5.35 ees 7.28 eee 5.83

Polyvinyl chloride 59 35.86 34.42 16.68 10.40 34.62 33.47 39.63 32.62 aee 35.27
ces 18.58 aee 35.61 22.47 vor 29.99 voe 33.39

%Respective durations of exposure are presented in Table 5-12.

bMatrecon waste serial number shown below identification. Analyses of wastes are summarized in\Appendix dJ.
CMatrecon FML serial number; R = fabric-reinforced. Full unexposed property data are presented in Appendix F.
Source: Haxo et al, 1985b, p 117,
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TABLE 5-15. EXPOSURE OF POLYMERIC FMLS TO HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS - PERCENT RETENTION OF ELONGATION AT BREAK2

Wastesb

Acidic Alkaline Oily Pesticide
Original “HNO3-HF-  "Slop “Spent *Lead “Slurry "0il Pond “Weed "Weed

Polymeric FMLC value, "HFL® HOAc* Water* Caustic" Waste* 0il" 104" oil” Killer"
Polymer Number % {W-10) (W-9) {W-2) {W-2) (W-14) {W-15) (N-5) (W-7) (W-11)
Butyl rubber 57R 42d eee 60 cee 60 119 eee cee aes 143
een 645 .ee 219 167 . aes cee 100
Chlorinated polyethylene 77 402 voe 89 veo 107 101 ves 98 eeo 100
eee 89 eee 88 83 aee 88 cee 89
Chlorosul fonated polyethylene 6R 242 . 90 ces 70 107 vee 103 cee 112
aee 79 vee 65 17 cee 72 . 85
Elasticized polyolefin 36 665 98 99 88 100 92 96 86 . 101
eoe 96 ees 97 94 97 18 vee 97
Ethylene propylene rubber 26 450 ees 97 .o 102 100 cos ees cee 100
. 94 cee 95 106 . . cee 104
Neoprene 43 320 cee aee ces 98 76 vee 86 cee 93
eae . . 95 75 ree 92 cee 83
Polyester elastomer 75 575 ves <1 cee 86 98 77 95 cee 96
aee 4 vee 86 90 vee 92 . 87
Polyvinyl chloride 59 995 153 200 eae 99 82 113 152 . 100
cee 249 ves 115 103 cen 174 cen 137

dRespective durations of exposure are presented in Table 5-12.
Analyses of wastes are summarized in Appendix J.

bMatrecon waste serial number shown below identification.

CMatrecon FML serial number; R = fabric-reinforced.
dunexposed FML broke at less than 100% elongation.

Source: Haxo et al, 1985b, p 119.

Full unexposed property data are presented in Appendix F.
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TABLE 5-16, EXPOSURE OF POLYMERIC FMLS TO HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS ~ PERCENT RETENTION OF STRESS AT 100% ELONGATION2

Wastesb
Acidic Alkaline Qily Pesticide
Original "HNO3-HF~  “Slop “Spent "Lead “Slurry “0i1 Pond “Weed "Weed
Polymeric FMLC value, "HFL" HOAC" Water" Caustic" Waste" oil" 104" 0il* Killer"
“PoTymer Number psi (W-10) (W-9) (W-4) (W-2) (W-14) (W-15) (W-5) (W-7) (W-11)
Butyl rubber 57R (d) cee cos . ces cos ces . aee ves
Chlorinated polyethylene 77 900 ces 97 cee 82 56 P 53 eee 94
. 113 ces 129 71 . 62 . 113
Chlorosulfonated polyethylene 6R 937 ree 106 cee 165 85 - 63 ves 90
. 112 vee 200 118 eee 96 coe 118
Elasticized polyolefin 36 922 98 92 97 87 95 70 61 cee 104
. 98 ees 87 104 60 71 cee 91
Ethylene propylene rubber 26 357 cee 81 coe 88 84 AN ces ces 89
vee 70 .ee 108 80 ces . cee 87
Neoprene 43 460 cee cos cee 90 53 ces 50 cee 62
ves vee vee 95 61 . 42 eee 54
Polyester elastomer 75 2585 ces .o ces 101 88 77 94 cee 95
vee “ee vee 109 88 aer 85 vee 96
Polyvinyl chloride 59 995 153 200 . 99 82 113 152 eee 100
. 249 .ee 115 103 eee 174 ces 137

3Respective durations of exposure are presented in Table 5-12,

bMatrecon waste serial number shown below identification. Analyses of wastes are summarized in Appendix J.
CMatrecon FML serial number; R = fabric-reinforced. Full unexposed property data are presented in Appendix F.
dynexposed FML broke at less than 100% elongation.

Source: Haxo et al, 1985b, p 119,
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TABLE 5-17. SEAMSA IN POLYMERIC FML SAMPLES EXPOSED TO HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS

. Seam
Polymeric FML width,
Polymer numberb Method of seaming in. Fabricator

Butyl rubber 57R Vulcanizable adhesive furnished by supplier 2 Matrecon
of liner

Chlorinated polyethylene 77 Solvent weld with mixture of 1 part toluene 2 Matrecon
and 1 part tetrahydrofuran

Chlorosulfonated poly-

ethylene 6R Adhesive furnished by Tiner supplier 2 Matrecon

Elasticized polyolefin 36 Heat sealed 0.5 Supplier

Ethylene propylene rubber 26 Adhesive and gum tape furnished by supplier 2 Matrecon

Neoprene 43 Cement and lap sealant furnished by supplier 2 Matrecon
of liner

Polyester elastomer 75 Heat sealed 0.5 Supplier

Polyvinyl chloride 59 Solvent weld using mixture of 2 parts tetra- 2 Matrecon

hydrofuran and 1 part cyclohexanone

aA11 seams were allowed to age at least a month before being tested or covered with wastes.

bMatrecon FML serial number; R = fabric-reinforced.

Source: Haxo et al, 1985b, p 120.
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TABLE 5-18, EXPOSURE OF POLYMERIC FMLS TO HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS - EFFECT ON SEAM STRENGTH MEASURED IN SHEAR MODE2

Seam strength in ppi after exposure to different wastesb

Acidic Alkaline 0ily Pesticide
Original Method 'HNOg-HF- “Slop “Spent “Lead *Slurry “011 Pond “Weed "Weed

Polymeric FML value, of “HFL" HOAc* Water® Caustic" Waste" oil” 104" of1" Killer*®
Polymer ~ Number® ppi seaming (W-10) (W-9) (W-4) (W-2) (W-14) (W-15) {W-5) (W-7) (W-11)
Butyl rubber SR >84,8d Cemente eee  67.8d >74.4f 64.69 69.1h
vee 73,3 >78.6d  >70.7d >68.8d
Chlorinated polyethylene n 48.39 Solvent vee 27.1D 41,5h 26.3! 16.49 »38,8d
ees  39.8M 46.0h 26.39 25.59 244,54
Chlorosul fonated polyethylene R 62.19 Cement vee 52,79 oo 64.01 58,24 vee 60,50 .oe >61.3d
vee  57.49 >76.3d 66.69 . 65.7h
Elasticized polyolefin 36 28.89 Heatk 32.49  29.29 31,30 28.99 26.09 21,14 19,39 26,59
eee 32,09 31.49 29.09 24,49 18,39 32,59
Ethylene propylene rubber 26 39.0 Cement® .ee  47.91 39.11 32.21 46.5)
45.90 13.91 4.4
Neoprene 43 4.0 Cement® >51.99  >31.60 24.8P >23.74
>58,5d 27,10 14.69 90
Polyester elastomer 75 21.29 Heatk 25.2h >18.89 28,29 26.59
>16.7d >14,64 21.9h
Polyvinyl chloride 59 >69.14 Solvent 69.29 74.79 71.68 50.49 53.19 59.39 60.99 46.01
vee 79,00 63.69 45.09 77.19 60.49

aStrip specimen l-in. wide; initial jaw separation, 4 in.; rate of jaw separation, 2 ipm.
mendations, except where otherwise noted.

bMatrecon waste serial number shown below identification.
CMatercon FML serial number; R = fabric-reinforced.

dSpecimens broke at clamp edge.

€L ow-temperature vulcanizing adhesive.

fSpecimens broke outside of seam area and not in the clamped area.

9Specimens broke at seam edge.

Value for seam strength is reported in pounds-per-inch-width (ppi).
that the strength of the seam itself is greater than the value reported.

hore specimen broke at seam edge; the other specimen broke in the clamped area.
10ne specimen broke at seam edge; the other broke outside of seam area and not in the clamped area.
Jone specimen broke outside seam area; the other delaminated in the seam area which had been separated.

kSeam fabricated by supplier,
ISpecilne»s delaminated in adhesive.

Mone specimen broke at seam edge; other delaminated in adhesive.

NSpecimens delaminated in the plane of the bond between adhesive and liner surface.
%0ne specimen broke at clamp edge; other broke outside of seam area and not in clamped area.

POne specimen broke at clamp edge; other delaminated in the plane of the bond between adhesive and liner surface.

QTwo specimens broke outside seam area; one specimen broke at clamp edge; two broke at seam edge.

Source: Haxo et al, 1985b, p 121.

A "greater
See Table 5-12 for durations of exposure.

Analyses of wastes are summarized fn Appendix J,

A1l seams fabricated by Matrecon following manufacturers' recom-
than® symbol 1s used to indicate
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TABLE 5-19, EXPOSURE OF POLYMERIC FMLS TG HAZARDOUS WASTES IN ONE-SIDED EXPOSURE CELLS - EFFECT ON SEAM STRENGTH MEASURED IN PEEL MODE2

Seam strength in ppi after exposure to different wastesb

Acidic Alkaline 0ily Pesticide
Original Method "HNO3-HF-  “Slop “Spent “Lead “Slurry “0il Pond “Weed “Weed
Polymeric FML value, of "HFL" HOAc" Water' Caustic" Waste” o0il” 104" oil" Killer*
PoTymer ~ Numbert ppi seaming (W-10)  (W-9) (W-4) (W=2) (W-14) (W-15) (W-5) (W-7) (W-11)
Buty! rubber 57R 8.0d Cement® 3.2f 8.5f 7.8f 10.9F
4.5f 4.1f 5.3f 3.6f
Chlorinated polyethylene 77 21.49 Solvent P 17.99 ceo 21.99 17.39 eee 14,31 ces 20.09
ees 19,08 21,00 13.79 11.49 16.29
Chlorosulfonated polyethylene 6R 23,23 Cement e 1.af s 21.3f 26.43 ves 16.5F ves 21.3f
eee 12,8k 28.4f 21,5k 15,0f 15.1f
Elasticized polyolefin 36 21.0! Heat™ 22.61  21.5] 22.0 19.8! 19.8] 18.7! >14.5] 20.9!
vee 22,00 ves 22.0! 22,21 18.6! 14,9 .ee 23,2
Ethylene propylene rubber 26 4.9k Cement® ves 5.9k cee 4,5k 3,5k vee cee cee 5,0k
5.4k 2.3k 5.0k
Neoprene 43 g.2n Cement® vee ves ces 8.8n 3.3n aee 2.1n ves 7.67
. . ces 10.8n 2,20 e 3.6M ces 4,30
Polyester elastomer 75 20,89 HeatM .es eee ooe eoe 17.40 18.2! 18.81 cee 20.3]
18.3pP 16.29 19,5
Polyvinyl chloride 59 15.29 Solvent 23.9F 28,45 9.8" 21,49 19,08 20.39 23.15 cea 18.19
s 34,09 coe 14.89 16.4" cee 22.0r .oe 23.07

aStrip specimen 1-in, wide; initial jaw separation, 2 in.; rate of jaw separation, 2 ipm. Value reported in pounds-per-inch-width (ppi) is average after
initial peak, except where otherwise noted. All seams fabricated by Matrecon following manufacturers' recommendations, except where otherwise noted. See
Table 5-12 for durations of exposure.
bMatrecon waste serial number shown below identification. Analyses of wastes are summarized in Appendix J.
CMatercon FML serial number; R = fabric-reinforced.
dspecimens delaminated in the adhesive.
elow-temperature vulcanizing adhesive.
Specimens broke by a combination of delamination of the adhesive and delamination of the lining material.
9Specimens delaminated in the plane of the bond between the two Tiner surfaces.
hSpecimens initially delaminated in the plane of the bond between the two liner surfaces, then broke at the line of peel in the course of the test.
10ne specimen broke at the line of peel shortly after it began to peel; the other delaminated in the plane of the bond between the two liner surfaces.
JOne specimen delaminated in the lining material; the other delaminated in the adhesive.
Specimens delaminated in the adhesive.
Specimens broke at the Yine of peel after peeling approximately 0.1 in. Values reported are maximum stresses immediately before break.
MSeam fabricated by supplier.
NSpecimens delaminated in the plane of the bond between adhesive and liner surface.
OSpecimens ripped uncontrollably once peel was initiated. Value reported is maximum stress.
POne specimen broke at jaw bite; the other broke at the line of peel after peeling approximately 0.1 in.
dSpecimens broke at jaw bite.
I'Specimens initially delaminated in the plane of the bond between the two liner surfaces, then ripped uncontrollably.
SOne specimen delaminated in the plane of the bond between the two liner surfaces; the other initially delaminated of the plane of the bond between the
two surfaces, then ripped uncontrollably.
Source: Haxo et al, 1985b, p 122.




specimens measured in shear after exposure, together with data on the un-
exposed FMLs. Table 5-19 presents results of testing the strength of the
seams in the peel mode. All the data show the strength values in pounds-
per-inch width (ppi) and the locus of failure of the adhesion test specimen.

Figure 5-17. Unassembled exposure cell used for FML specimens. Shown are
the tank, the base filled with silica gravel, and an FML
specimen. (Source: Haxo et al, 1985b, p 72).

The responses of the FMLs varied greatly to the individual wastes,
particularly to those waste liquids with oily constituents. The effects
varied from essentially no change during the exposures to complete failure.
The screening tests eliminated several of the polymeric FMLs from exposures
to oily wastes in the primary cells. The varied responses of the FMLs
occurred not only among the different polymer types but also within a single
type because of compound variations, e.g. plasticizer type and amount, cross-
linking, and fabric reinforcement. The results demonstrate the importance of
determining FML and waste compatibility during the selection and design
process.

The results of testing the exposed specimens are discussed in subsequent
subsections by individual FML.

5.4.1.2.1 Butyl rubber--The butyl rubber FML (No. 57R) was reinforced
with a nylon scrim which had a 22 x 11 epi thread count. It had a nominal
thickness of 31 mils and a vulcanized coating ctompound with a high ash
content which reflected the use of inorganic fillers in the compound.
Overall, except for peel adhesion, the butyl rubber specimens showed good
retention of their original properties on exposure to the four wastes it was
exposed to (Table 5-10). The effect of time was not large. The waste which
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caused the greatest change, perhaps, was the acidic waste "HNO3-HF-HOAc",
in which the butyl increased in volatiles content significantly and appeared
to soften. The butyl FML was not tested with the oily wastes because the
preliminary compatibility testing indicated that these wastes would have
caused significant softening and loss of tensile strength.

5.4.1.2.2 Chlorinated polyethylene (CPE)--The CPE FML (No.77) was an
unreinforced thermoplastic sheeting with a 30-mil nominal thickness. It had
an ash content of 12.56% and an extractables content of 9.13%. The CPE FML
appeared to perform satisfactorly with the inorganic aqueous solutions but
showed significant losses in properties after exposure to the oily wastes.
The CPE specimens showed significant increases in volatiles content in
the acidic, lead, and pesticide wastes, probably reflecting the absorption
of water (Table 5-13). The increase during exposure to "0i1 Pond 104" waste
was probably due to absorption of oil as well as water. The smallest in-
crease in volatiles was in the specimen exposed to the "“Spent Caustic"
waste. The modulus in all cases showed an initial drop and then an increase,
indicating initial swelling followed by crosslinking (Table 5-16). However,
there were losses in modulus in the lead waste and in the oily waste. The
only significant increase in the extractables during exposure was in the
sample exposed to the oily waste, "0i1 Pond 104" (Table 5-14).

5.4.1.2.3 Chlorosulfonated polyethylene (CSPE)--The CSPE FML (No. 6R)
was reinforced with a nylon scrim that had a thread count of 8 x 8 epi. The
FML had a nominal thickness of 30 mils. The CSPE compound was a "potable"
grade compound which contained 3.28% ash and had an extractables content of
3.77%.

The results of exposing the CSPE FML to the five wastes that it was
exposed to indicated that this FML tended to absorb water and also some oil
when exposed to wastes containing oily constituents. The effect of aging
and exposure to wastes showed an increase in modulus and a decrease in
elongation at break, both of which are probably due to crosslinking of
the polymer (Tables 5-15 and 5-16). Al1l of the CSPE specimens increased
significantly in volatile contents in all the wastes (Table 5-13). Though
volatiles of the CSPE Tliner increased in the spent caustic and pesticide
wastes, the magnitude appeared to be leveling off at the time the second
set was removed. The extractables changed only modestly during the exposure
(Table 5-14). The highest extractables content measured after exposure was
for the specimen that had been exposed to "0il Pond 104" waste; in this case,
the extractables increased from 3.77 to 9.45%.

The greatest loss in seam strength was with the seams exposed to the
acidic waste; these losses probably reflect the loss in strength of the nylon
fabric. It should be noted that since work on this project was initiated,
there has been a shift from nylon to polyester as the reinforcing fabric that
is used in the manufacture of fabric-reinforced FMLs. It should also be
noted that "industrial-grade" CSPE is now used for service of this type and
it has a much lower water absorption than "potable-grade" CSPE.
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5.4.1.2.4 Elasticized polyolefin (ELPO)--The ELPO FML (No. 36) con-
tained a small amount of crystallinity and had a nominal thickness of 20
mils, a specific gravity of 0.938, an ash content of 0.9%, and an extract-
ables content of 5.5%.

The ELPO specimens had only small increases in volatiles content and
showed good retention of properties in those wastes that were predominantly
water; for example, the pesticide, the lead, and the "Spent Caustic" wastes.
The specimens exposed to those wastes that contained oily constituents,
particularly the "0i1l Pond 104" waste and the "Slurry 0i1" waste, increased
in volatiles and extractables contents, which resulted in major drops in
tensile strength and modulus and softening of the sheeting. There were also
a significant increases in volatiles content by the specimens exposed to the
acidic waste, "HNO3-HF-HOAc", and the alkaline waste, "Slop Water".

5.4.1.2.5 Ethylene propylene (EPDM)--The EPDM rubber FML (No. 26)
was crosslinked and had a nominal thickness of 30 mils. It had a specific
gravity of 1,169, an ash content of 7.67%, and an extractables content of
22.96%. The high extractables content shows the high 0il content that is
common to many EPDM compounds. This FML was not tested with the oily wastes
based on results of the preliminary compatibility tests and the oil sensi-
tivity of this type of rubber. The EPDM FML was affected only moderately by
the four wastes to which it was exposed. O0f the four wastes, the acidic
waste appears to have been the most aggressive toward the EPDM compound; the
effects, however, were not large. The seam strength was low before exposure
and decreased with exposure, indicating inadequacy of the seaming method.

5.4.1.2.6 Neoprene--The neoprene FML (No. 43) that was tested was
crosslinked and not fabric-reinforced. It had a nominal thickness of 31.3
mils, a specific gravity of 1.477, an ash content of 12.3%, and an ex-
tractables content of 13.69%.

Because neoprene is generally considered to be an oil-resistant rubber,
it was exposed to the oily wastes, as wastes of this type are aggressive to
many of the 1lining materials. All the neoprene specimens increased sub-
stantially in volatiles content in all of the wastes, increasing from 0.45%
to 11.29 - 21.31%, except in the "Spent Caustic," in which the values in-
creased to 5.67%. On the other hand, the extractables content changed Tittle
even for the specimens exposed to the oily wastes. Consequently, it appears
that most of the Tiquid absorbed by the neoprene specimens was water. The
neoprene specimens exposed to the lead waste, the "Oil Pond 104" waste, and
the pesticide waste softened considerably and had a low retention of stress
at 100% elongation (Table 5-16). This is probably the result of absorbing
water. The specimens exposed to the "Spent Caustic" waste softened Tittle
and retained their elongation best, probably the result of the high dissolved
solids content of the wastes. Low absorption of highly concentrated brines
is characteristic of neoprene compounds.

The o0il resistance normally associated with neoprene was not apparent

in these tests. Figure 5-18 shows the swelling that occurred in a neoprene
sample that had been exposed to the "Lead Waste."
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Figure 5-18. Two photographs of the recovered neoprene FML (No. 43) that had
been exposed to the lead waste for 499 days. Fig. 5-16a shows
the exposed FML in the test cell after it had been cleaned.
Fig. 5-16b shows the exposed FML specimen after removal from
the cell.
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5.4.1.2.7 Polyester elastomer (PEL)--The polyester elastomer FML (No.
75), a development