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ABSTRACT

v

A comprehenswe revnew of landﬁll lmer faxlures, the causes and consequences, and design
methodology to avoid failures are presented. o

In Chapter 1 the types of liner are reviewed. The different materials, types of liners, and
manufacturing procedure are explained. in detail, providing a base for a better
understanding of the problems associated with liners. Currently used liners are comprised
of composite structures of clay and geosynthetics materials. The commonly used
geosynthetics materials are HDPE (High Density Po]yethylene), PVC (Polyvinyl
Chloride), and PP (Polypropylene); they are produced in the form of geomembranes
(impermeable) and geonets (permeable) of different thickness.

Chapter 2 deals with the properties of polymeric geomembranes as well as those of
geosynthetic clay liners. The physical, mechanical, hydraulic, and endurance properties are
listed and explained, referencing the different standards associated with each properties.

Chapter 3 addresses the different modes of failures and liner degradation.

Creep is the deformation of a material over a prolonged period of time and under constant
pressure. This phenomenon.is mainly a function of the temperature, load, and time; and is
of primary importance since geosynthetics are very sensitive to creep. Under sustained
constant loading, the material will elongate and break. This problem can be eliminated by
usmg a resin that is not affected by creep, and by a proper design that limits the high stress
in the geomembrane -

Stress cracking is the brittle fracture of a geosynthetic material under significantly lower
stress than the material yield strength. The factors influencing this phenomenon are: UV
(Ultraviolet) radiation, temperature, temperature gradient, chemical agent, and stress
(particularly fatigue). - Stress Cracking leads::to small cracks and even holes in the
geomembrane, that allow leakage through the membrane. This can be prevented by using a
UV and chemical resistant resin and by limiting high stress in the liner.

Damage caused by puncture will plastically deform the material up to failure and cause
leaks. Static puncture is due to contact of stones on the geosynthetic under high static
load (weight of the waste), while dynamic puncture is due to the fall of objects mainly
occurring during installation, Static puncture may be eliminated by using protective layers
~ made of geonets and rounded soil particles, as well as stiff and thick geomembranes.
N Dynamlc -puncture can be eliminated by considerable care in construction (skllled
y ~'workmansh1p is requnred)

O Seams are the weakest pomts of a liner. Many problems encountered in landfill orlgmate

at seam locations. Seams are regions of high stress concentration due to defects in
_ seaming operations and residual stresses. Also, stress cracking and brittle fractures can

i



deteriorate and even break seams. It is possrble to reduce damage considerably at seams
by using proper equipment, workmanslup, quality construction, and proper inspection.

N :Shear propertles of llners are very 1mportant for the stabrllty of the landfill, particularly
“earthquakes. The matenals ‘comprising the hners, their roughness, their . stiffness, the
normal load; and the temperature are factors mﬂuencmg mterface shear strength '
‘_“Agmg of geomembranes is also an’ unportant problem, since environmental conditions
such as temperature, UV, oxidation, and chemical agent tend to deteriorate the lmers The
‘modes of failure are as follows: a) softemng and loss of physical properties due to
depolymerrzatron and molecular scission, b) stiffening and embrittlement due to loss of
plastrcrzers and additives, c) reductron ‘of mechanical propertres and 1ncrease of
o permeablllty, and d). failure of membrane seams In the ma_]onty of cases there are

o combmatlons of these factors wlnch can cause damage to the liner system

o Chapter 4 deals with the’ desrgn and constructlon methods currently ‘used, as well as
quahty assurance/control criteria requlred to enisure long term performance of the liners. It
is pomted out that a good desrgn takmg into account all the problems outlined in this

s ..Teport wrll yreld a theoretlcally ﬂawless lmer This has to be followed by reasonable

' “ﬂawless constructron ‘with qualrty assurance and control. .
! . . . l R

' Fmally, methods for the lrfe predrctron of geosynthetrcs are reviewed in Chapter 5. The

~four methods are the trme-temperature (WLF) superposition, the Arrhemus equatlon the

' '-rate process method and the bldtrectlonal shlﬁmg method.

|  Itis concluded that wrth proper desxgn, constructlon and mspectlon, the safe performance

" life of landfill liners can be consrderably mcreased w1th srgmﬁcant cost-beneﬁt ratlos
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INTRODUCTION.

Landfills continue to be the most predominant method of waste disposal. Due to the public
resistance to landfill constructxon and ooperation, the Env1ronment Protection Agency
(EPA) has establlshed the Resource Conversion and Recovery Act (RCRA) Subtitle D
program. The program requires a landfill lining system, which is composed of pnmary and
secondary liners, leakage detection and leakage collection systems, to be used in the
construction of new landﬁlls

The liners are composed of ngh Density Polyethylene (HDPE), Polyvmylchlonde (PVC),
and Polypropylene (PP). These materials are used for their high values of chemical

" _resistance, elastic modulus, yield and puncture strength and weathermg resistance.

The pnmary function of the liner is to create an impermeable barrier, which is the last line
of defense in protecting the groundwater. The groundwater is in constant danger of
- becoming contaminated from leachate, which is liquid that migrates through the landfill,
_ either from precxpltatlon or already present in the waste

There are many steps in the construction of the liner, or of the landfill, during which the
liner may become damaged These flaws cause the material to prematurely fail and
significantly increase the cost of the project. Quality Assurance and Quality Control are
‘the methods being used to prevent damage during construction and installation. Questions
are still being raised about how long the material can perform. Research to predict the
‘service life of the material, with and without mstallatlon damage, is of paramount
importance. Work on a project of the Principal Investigator, entitled "Life Prediction of
HDPE Geomembranes in Solid Waste Landfills", sponsored by Florida Center for Solid
and Hazardous Waste, Management (FCSHWM), identified the need for an extensive
state-of-the art literature review of liner failures and longevity.

I\
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1. 1 3 Geomembranes (Sy_nthettc Imersl

1 leferent Technologles of Landfill Lmers

N AThlS chapter deals w1th the technologles used in the dxfferent types ‘of landﬁll liners
: currently used in Mumc1pa1 Sohd Waste Landﬁlls .

1.1 DitZefent Materidls

¢ LU 1
. e - e T
ERL e [N

1.1.1 _Compacted Clay

* ;» Compacted clays find applications as both primary and underlymg components of liners in
" waste containment systems. When properly compacted, clay liners have a permeabxhty of
10-7 c/s or less due to the small particles, and plastic charactenstlcs of clay. Thus  clay is
- considered a highly effective and economical liner material. (I) -
" Long-term performance of clay liners i is a function of properties, such as Jow permeablllty,
- low diffusivity, ductlhty, internal and interface shear strengths, chemlcal compatxbnhty,
.- .+ chemical - retardation, - minimum of «preferential flow paths, and good constructablllty
*- Factors :such. as. soil -composition,. placement and construction conditions, post-
- construction changes, and chemlcal_ compatibility affect these properties. - -, -

oy ,:!Z.‘.":‘A Yo

~1.1.2 - Modified Sozls , : :
‘When the local soil is not sultable for use as a lmer, current practlce is to add

commercially produced bentonites or other clay mmerals in the in-situ soil to lower the
permeability. Since bentonite is an expansive material (resultmg mamly from its sodium-
montmorillonite component) only a small quantlty needs to be mixed to improve the soil’s

+,. permeability. : 2t
' ~‘The efficiency of the modxf ed sorl depends on many charactenstlcs such as the form of
: bentonite used (granular or powdered), mineralogy. (percentage of sodlum and/or calcium-
~ montmorillonite), .the rate of application, the characteristics of the soil” (llﬁ thickness,
-+ moisture content, and the size,’ type,,and .operation of the roller) -and the use of good

quality control operatlons ) vy e S T

e

T T . .
ity LT L 3

The recent years have seen a dramatic i mcrease in the utlhzatlon of synthetxc lmers ‘mainly
due to their easy availability and low’ volume consumption. Geomembranes are
manufactured with thicknesses ranging from,1 to 3-mm (30 to 120 mils). Landfill liners

. generally require geomembranes having a thxckness at least equal to 80-mil (1). However,
...certain states as Florida, allow-the, ‘use of 60-m11 geomembrane when the membrane is

made of HDPE material.. :;»: ;. ; . :

To assess the geomembrane s- chermcal compatlbnllty with the sne-specxf ¢ leachate,
laboratory testing is highly recommended before the 1nsta]latlon of the membranes in the
site.

The main materials used in the United States for the manufacturing of geomembranes are
described below.



* Polyethylene (PE): .

The most commonly used polyethylene is HDPE {(High Density Polyethylene). Effectively,
the semicrystalline (40-50%) microstructure of HDPE is responsible for the material's high
strength, and excellent chemical resistance to many chemicals. Sealing membranes can also
be made of CPE (Chlorinated Polyethylene). CPE powder is obtained by PE chlorination
in the wet phase. The properties depend mainly on the quahty of the PE and the degree of
chlorination; moreover polyester fabric or sheet can 1mprove the structural properties of
CPE (2).

* Polyvinylchloride (PVC): :
PVC is the ‘chain assemblage of the basic raw material’ vmylchlonde (VC), which is a
reaction product from ethylene and chlorine or ethylene; air and hydrochloric acid. Many
designers choose HDPE for its greater resistance to chemicals, and ignore many of PVC’s
advantages. Plain PVC 'geomembranes are quite stiff materials and cannot, therefore, be
used for landfills. Loss of plasticizers is such an important problem that the state of Florida
_does not allow the use of PVC for liner material. However; various studies comparing the
chemical resistance of HDPE and PVC have shown that the landfill leachate has virtually
no effect on' PVC after 16 months (3). Moreover, plasticizers increase the material’s
flexible characteristics. Therefore Florida should lead some studies to determine whether
or not PVC materials are suitable for application as liner materials.
An interesting advantage of PVC is its fabrication into large sheets requiring less field
~ seaming than HDPE membranes. Nevertheless, in the case of ﬁre, highly toxic fumes of
hydrochloric acid are fonned 2.

* Polypropylene (PP) :

New materials for liners are as follow: a reactor blended PP, and a fully cross-linked
* elastomere alloy of PP and EPDM. PP has many properties similar to PE; this similarity is
" explained by the fact that PP and PE are part of the same polyolefin family. PP crystallinity
is generally slightly lower than PE, and even with a high value of crystallinity, stress
cracking has little influerice on this material. Chemical resistance of PP is less than that for
* HDPE, but it has better seaming behavior than HDPE: it can easily be seamed by hot air
equipment at low ambient temperature (the PP/EPDM alloy has been successfully seamed
at a temperature of -9°C in strong wind and snow). PP has lower UV resistance than
' HDPE, even though thennoplastlc alloy has better UV resistance (3).

* Ethylenecopolymer Bitumen (ECB): SN
Landfill engineering uses ECB membranes as sealing materials that have been developed
* for the roofing industry. ECB is the assembly of raw materials composed of ethylene,
butyle acrylate (50-60%), and special bitumen (40-50%). The role of the bitumen material
is to soften, give a thermoplastic character, and lightly stabilize the mix (2). :



* Other materials in current use are as Jollows:
- Chlorosulfonated polyethylene-remforced (CSPE-R) .
- Ethylene interpolymer alloy-reinforced (EIA-R) -
- Linear low-density polyethylene (LLDPE)
- Chlormated polyethylene-reinforced (CPE-R)
- Fully cross-linked elastomeric alloy (FCEA)
- Polyisobutylene and butyl rubber -
- Polychloropene (néoprene)
- Ethyle vinyl acetate (EVA)
- Block copolymers of styrene and butadiene such as SBS rubber
-Ethylene propylene dlene monomer (EPDM) )

* Addztxves : .

Most polymers need certain additives to 1mprove processmg as well as end-use
properties. For instance additives, such as lead salts and orgamc derived of Ba, Ca, Cd,
Zn, and Sn, are added to PVC to improve the heat and ‘light -stability. Lubricating
additives, such as stearates or palrmtates, are added to the polymer to improve the
material’s manufacturing. Plastizicers in PVC and HDPE improve membrane flexibility.
Moreover, to’ increase chemlcal and UV re51stance ant10x1dants and addltlves are melted
into the polymer (2) " '

1.2 Types of Imers

The dlfferent types of archltecture used for Iandﬁll liners are as follows: single liner (clay
or geomembrane), smgle composite (with or without leak control), double liner, and
double comp051te lmer (4) o

1.2.1 _Single liner

A single liner system includes; only one liner, which can be either a natural material
(usually clay), Fig Ia, or a single ggomembrane, Fig 1b. This configuration is the simplest,
but there is no safety guarantee against the. ]eakage so a single liner may be used only
under completely safe hydrogeological situations. A leachate collection system, termed
LCS (soil or geosynthetic drainage material), may be placed above the liner to collect the
leachate and thus decrease the risk of leakage. '
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1.2.2 Single composzte
. A smgle composne lmer system, th Ic 1ncludes two or more dlfferent low-permeablhty
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Figure 1: Cross section of different liner systems

Geotextile- bentomte composltes are often used as substitutes for mineral liners_(liners
using stones or rocks as material) for application along slopes, even though many
engineers prefer clay. '
One of the main advantages of composite liners over single liners is the low amount of
leakage through the liner, even in the presence of damage, such as holes in the
geomembranes. Controversial points of view are expressed-concerning the placement of
draining materials between the clay and the geomembrane, also called the leakage
detection system (LDS), the role of which is to detect, collect, and remove liquids
between the two liners. The presence of a LDS separates the two low-permeability



materials which form two single liners separated by a layer of permeable material; for
some engineers this configuration is two single liners separated by a LDS and for other it
~ is still a composite liner. The opinion of the author of this report is that since two different
materials are used this configuration forms a composite liner.

Some engineers point out that to maximize the advantages of composxte liners,
geomembranes should. be positioned with-direct contact on the top of the mineral liner,
while others refute this idea and recommend placing a collecting system between the two
components. The latter practice is to cope with the possibility of the geomembrane being
- pierced; the leachate can be evacuated outside the composite to decrease the possibility of
leakage through the clay. It is always possxble to place a leachate collecting system above
the membrane.

: ‘I 23 DoubIe liner T

A double liner system, Fig 1d, is composed of two lmers separated by a drainage layer.
called the leakage detection system. A collection system may also be placed above the top
- liner. Double liner systems may include either single or composite liners. Nowadays,
regulations in several states require double liner systems for MSW landﬁlls A clay layer
may be placed under a double liner made of membranes as shown in Fi ig le.

- -.1.2.4 -Double composite liner

¢ -;Double composite liners are systems made of two comp051te liners, placed one above the
other, Fig If. They can include a LCS above the top liner and an LDS between the liners.
Obviously, the more components in the liner system, the more efﬁcnent is the system
against leakage.

1.3 Manufacturing considerations

Different technologies are employed to fabricate geomembranes, among those extrusion is
used for HDPE, calendaring for PVC, and spraying for urethane. Even though
geomembranes are quality products now, some problems may appear, such as creasing of
polyethylene membrane due to the manufacturing process causing stress fractures;
moreover abrasion process will add damage to the crease (5).

For HDPE materials, the resin is melted and forced through a die forming sheets; three

different techniques are used:

- Horizontal cast index extrusion shapes a long strip (25mm width), then the different
strips are assembled into a continuous sheet. This technique allows the fabrication of
wide sheet, up to 11 meters.

- Horizontal continuous flat extrusion produces a full \mdth from sheet feeding through
counter-rotating calenders in a continuous manner (6). Five-meter wide sheets can be
used.

- Vertical continuous circular extrusion produces a blown film that is stabilized, sized,
and lifted by air both inside and outside the cylinder. :
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'2.1.1 _Physical properties

o *Densrty

* Mass per unit ared (wezght)

* Water Vapor T ransmzssron

2 _Properties of geomembranes

This chapter reviews geomembrane properties and the test methods used for their

. assessment. Although there are a number of different types of membranes, the review is

restricted to polymenc geomembrane, -and geosynthetic clay liners. These propertres

" charactenze the' material and™ help the designer “to choose among "the 'various

S geomembranes the most appropnate one for a ‘special applrcatron (each landfill is unique).

" The properties can be classrﬁed mto dlffcrent groups physrcal mechamcal and endurance
““properties. S

2.1 _Polymeric geomembranes

IR Y

Physical properties are assessed for the final product (not during manufacturing), and
allow the proper identification of the geomembrane.

- * Thickness:

The test method ASTM D 5199 uses an enlarged-area micrometer under a :speciﬁc
pressure (20 kPa) to determine the geomembrane thickness. T oday’s membranes are 20
mils (0.5 mm) thick or greater, and the current regulation recommends a thrckness of at

" least 30 ‘mils (0.75 mm) for hazardous waste matenal pond lmers

1

The densrty or specific gravity depends on ‘the base material forming the geomembrane
For polymer materials, values may range from 0.85 to 1.5 g/cc, with ‘an ASTM
classification requiring a densrty at least equal to 0.941 g/cc. One method used is ASTM D
792, based on specrﬁc gravity. Another ‘and more accurate method is ASTM D 1505
commonly used for matenal with specrﬁc gravrty less than 1. ’

* Melt ﬂow index: :
Manufacturers use this property to control the polymer umforrmty referring to ASTM D
1238. This test is very important for quahty control and quality assurance of polyethylene
resins and geomembranes

A E e

The werght is measured for unrt area of a representatrve specrmen (ASTM D 1910)

e 4 <

This test is important since it assesses ‘a very ‘critical characteristic of geomembrane its
impermeability. The water vapor transmission test consists of a sealed specimen over an
aluminum cup with either water or a desiccant in it, while a controlled relative humidity

-difference is maintained (ASTM E 96). The required test time varies from 3 to 30 days.

From the results of this test, the water vapor transmission, permeance, and permeability
are calculated. The results differ depending on the material: for a PVC geomembrane (30



mils of thickness) the water vapor. transmission is 1.8 g/m’-day, and for a HDPE
membrane (31 mils of thickness) 0.017 g/m -day.

* Solvent vapor transmission:

In the presence of liquids other than water it is 1mportant to consider the concept of
permselectivity. The values of vapor transmission through the membrane are most of the
time different for the solvent compared to water, due to the molecular size and attraction
of the liquid vis-a-vis the polymeric liner-material. The test is 1dentlcal to the water vapor
transmission test (ASTM D 96), except that the water is replaced by solvents, which can
range from methyl alcohol to chloroform.

* Coating over fabric:
The assessment of the property is not covered by any ASTM test but can be carried out by
~ an optical method (5).

2.1.2 _Mechanical properties
Many tests developed to assess the mechanical properties of polymeric sheet materials can

be used to evaluate geomembranes.

* Tensile behavior: }

Tensile tests, covered in ASTM D 638, D 882 D 751, are commonly used to evaluate
simple samples for quality control and quality assurance of manufactured sheet materials.
The curve (stress versus strain) shows a pronounced yield point, then the curve goes
slightly downward, and finally extends to approximately 1000% strain, when failure
occurs. Curves for VLDPE and PVC geomembranes are relatively smooth; the stresses
increase gradually until failure at 700% and 450% strain.

Other types of tests can also be carried out: a) usmg w1der specimens (8", 200 mm) to
prevent the contraction  in. the central region glvmg one-dimensional behavior not
conforming to the field confi igurations (ASTM D 4885), here the width remains uniform;
b) using axisymmetric tensile test behavior when the membrane is submitted to out-of-
plane stresses (GRI test method GM4). '

* Seam behavior: A

The joints between the geomembranes can be weaker than the membranes due to some
imperfection in the field seaming. Several tests were developed to evaluate the strength of
a seam: typical shear tests are ASTM D 4437, D 3083, and D 751; typical peel tests are
ASTM D 4437 and D 413. In the peel test a specimen is taken across the seam and tested
in a tensile mode. For shear testing, the specimen is separated by pulling-out, in an in-
plane motion, two different points creating shear stress and strain in the seam appear.
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I *Impact resistance:

* Tear resistance:

. Different methods can be used to: evaluate the tear resrstance ASTM D 2263, D 1004 D
. 751, D 1424, D 2261, and D 1938 Nevertheless the trapezordal tear test D 2263) is often
. recommended. A notched specimen is tested in a tensile machine. The tear resistance value
corresponds to the maximum Joad. For certam membranes such as thin, non-remforced
geomembranes, the tear resrstance 1s low, from 4 to 30 Ib (18 to 130 N) Low values are
problematic, especially during geomembrane handlmg and installation since the membrane
can be pierced or damaged by sharpen objects. However, this problem is overcome when

- rthe thickness increases. The values of tear resistance for scrrm-remforced geomembxanes
'::i'are srgmﬁcantly hrgher and can fit the range of 20 to 100 Ib. (90 to 450 N)

¢
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This property is 1mportant since durmg mstallatron the geomembrane may be damaged by

*, . falling objects that may propagate . tears and consequent Jeaks. The test’ methods used are
-ASTM D 1709, D 3029, D 1822, D 746 D 3998, and D 1424. These tests are camed out

- ..by a free-falling dart, a falling werght or pendulum rmpact all 1mpact resrstance varies
g greatly dependmg of the thickness and type of geomembrane tested o

I
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x Puncture res:stance

+ 1. Stones; sticks, or other debris can cause punctures to geomembranes during 1nstallat10n as

well as during the membrane’s- semce life. These punctures create points of tearing or
leakage. The test method, ASTM D5494, consists of a geomembrane clamped over a
cylindrical mold that is compressed. A rod is pushed into the geomembrane to cause

" puncture. The value at the breaking point is called the puncture resistance. ‘Puncture

resistance ranges from 10 to 100 1b. (45 to 450 N) for thin, non-remforced geomembranes,
-and can go up to 50 to 500 lb (220 to 2200 N) for remforced ones. The’ values for

~.puncture resistance, like other propertles such as impact or tear resistance, are functrons of

the geomembrane thrckness +The, GRI ; test method, GM3, also addresses membrane
puncture resistance. . ) . .-
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* Geomembrane friction:
Soil-to-membrane friction is a critical parameter since numerous side slope failures have
occurred. - The ASTM D5321,.test ; method consrsts of . a splrt shear box' with the

. geomembrane/soil interface. The fnctron angles of sorl/geomembrane mterfaces are always

less than those for soil/soil ones. Smoother, harder geomembranes have the lowest values,
while the rougher, softer geomembranes have hlgher fnctlon values.



X Geomembrane anchorage: _—

In some liners, the’ geomembrane is sandwiched between two materials and is stressed by

an external force, possibly’ creatmg membrang failure. This phenomenon can be modeled in

w‘the laboratory by sandwrchmg the membrane between suitably anchored channels back-to-
back. The channels are compressed with a hydraulic jack, and the exposed geomembrane
end is pulled by grips in a tension machine (GRI test method GM2) ~

 * Stress-cracking: N o L

ASTM D1693 can be used to test polyethylene matenals a notch is’introduced in small
specimens, which are then bent into a U shape; placed within the flanges of a' channel
holder with the notches at the bottom, and immersed in a surface wetting agent at an
elevated temperature. No external loading is applled The test records the proportion of
the total number of failures in a specrf ic time. ‘

A more eff cient tést method is ASTM D5397, placmg dumbbell—shaped specimens with a
notch under constant tensile load in a surface wetting agent at an elevated temperature.

A ductile-to-brittle behavior is" observed ‘while tensile testmg specimens at different
percentages of their - yield stress. The fransition time varies from 10 to 5000 hours
depending on the material tested. The current recommendation for HDPE is 100 hours.

Other properties may be evaluated, such as the modulus of elasticity (ASTM D882), the
hardness (ASTM D2240), and ply adhesion (ASTM D413) (5). :

2.1.3 _Endurance properties

* Ultraviolet: ’ : :

~ Ultraviolet light can cause chain reactions and bond breaking of polymenc material due to
the penetration’ of ‘short wavelength energy. Accelérated tests can be carried out in the
laboratory, ASTM G26 and G53, but it may be more efficient and accurate to carry out
outdoor tests as described in ASTM D1453 and D4364. Nevertheless, CSPE-R and
HDPE geomembranes are able to withstand UV up to 20 years thanks to additives. Other
geomembranes must be buried in soil.

* Radioactive degradatton ' X

Radroactmty, thher than 106 and" 107 rads, causes polymer degmdatron due to chain
scission. Thus geomembranes must not be placed in high-level radroactlve waste, but can
~ be used to contain low-level radioactive waste.

* Biological degradation: .

Soil contains a tremendous number of living organisms, such as small animals, which
burrow through the membrane, fungi (yeast, molds, and mushroom), and bacteria. ASTM
G21 deals with the resistance of plastics to fungi, while G22 deals with the resistance of
plastics to bacteria. The main concern here is not the polymeric degradation, but the
fouling and clogging of the drainage system.

10



.+ * Chemical degradatzon ST '
- ¢ Chemical resistance is a very 1mportant and critical parameter since the geomembrane is in

direct contact with the waste most "of .the time. To insure proper resistance, it is
recommended to assess its behavior with the leachate or waste, the membrane will
contain. The testing should be as: similar (leachate, temperature) as possible to the
exposure in the landfill. From test methods, EPA 9090 and ASTM D 5322, the response

*~ curves should be plotted indicating the percent change in the measured property -from the

ongmal versus the duration of mcubatlon

s B
HE D

Sk Thermaldegradatzon OIRIREE I o

Polymenc geomembranes are sensitive to changes in both warm and cold temperatures
each causing its own effects. ASTM D 794 is used to assess the consequences of hot
temperature on polymeric geomembranes. Cold temperatures have less critical effects than
warm ones, nevertheless the membrane’s flexibility decreases and seams are more difficult

to make.” ASTM D 2102 and D 2259 characterize the contractions of the membrane, while

D 1042 and D 1204 characterize the expansion and changes of dimensions.
Appendix VII gives the coefficients of liner thermal expansion.

- b

_2 2 Geosvnthettc clay Imers (GCLs)

' ‘GCLs are composxte lmers compnsmg a ]ayer of clay under a geomembrane sheet

7 1.

2.2.1 Physzcal grogertze -

" *Claytype: - ‘ ot

The composmon of the clay can be “determined by X-ray dlffractlon whrch is an accurate

- but eéxpensive’ method. An easier metliod is the American Petroleum Instltute (APD

methylene blue analysis.

* Thickness: o a

The determination of GCL’s thickness can be problematlc for certain materials. However,
ASTM D1777 can be used but with maximum ‘care.

* Mass per unit area:

"+ ASTM D3776 allows ‘the determination - of -a. composite . GCL’s mass- per unit area.

Another method is to assess the ‘overall ‘mass per unit area of the complete GCL roll,

"which is mainly used by manufacturers for quality control.check, even though the results

will not be as accurate as the D3776 method since the roll weight exceeds 3000 Ib.

“* Moisture content: < - - Tt RS B !
"Moisture content is measured by the ASTM D4643 test method and can be deﬁned as the

water content divided by the oven-dry weight of the specimen, expressed as a percentage.
Bentonite clay is a very hydrophilic material; and its moisture .content can be as high as
20% in humid areas.

-1 2.2.2 - _Hydraulic properties - = it..." -~

* Hydration:

11



The hydrating property of bentonite clay varies depending on the nature of the hydrating
liquid, and on the applied normal stress. The assessment of this property is important since
it provides the low-permeability characteristic to a CGL liner system.

* Free swell: : .
This test assesses the amount of swelling of the bentonite under zero normal stress. Two
tests methods are used: a) NF-XVII from the United: States . Pharmacological Society
which consists of a cylinder filled with water (100 ml) and bentonite (2 g). After 24 hours,
the volume occupied by the clay is determined; b) ASTM D 35.04: The clay is placed in a
mold, then a stress of 14 Ib/f® is applied on the test specimen immersed in water, and
deflections are measured for 24 hours

* Permeabzlzty
The test method ASTM D 35 04 evaluates the permeablhty (or hydraullc conductivity) of
GCL with the help of a permeameter under field-simulated conditions. The values of the
permeability range between 6x10" to 3x10" cm/sec.

2.2.3 Mechanical Properties
* Tensile strength:

Three different kinds of tensile strengths of i 1mportance need to be evaluated Wide-width
tensile behavior, confined wide-width tensile behavior, and axisymmetric tensile behavior.
The tensile behavior of CGL is almost similar to the tensile behavior of the geomembrane
since clay property is low. Moreover, the test should be done with dry clay. The wide-
width tensile behavior is determined with the test method ASTM D4595. The second test
is similar to the first one, except for the confined environment. The axisymmetric tensile
behavior is a very important characteristic of CGL, but unfortunately no tests have been
developed to assess this property.

* Direct shear behavior:
The test is similar to that for polymeric geomembranes; the specimen is tested in a shear
box where constant strain is applied. -

* Puncture resistance:

Different tests can assess the puncture resistance of CGL: ASTM D 3787, FTM 101C-
M2065, and ASTM D 5494. They use either a puncturing or pyramidal probe. One
interesting property of. bentonite is its capacity to self-cure after puncture, which is
unfortunately not the case for polymeric material. -

Endurance tests can be carried out to determine the longevity of CGL. These tests are
* similar to the ones used for polymeric material; obviously the results are not the same.

2.3 Example of geomembrane properties

The properties of two different geomembranes are listed in Table 1. Obviously, the
properties vary as a function of the thickness.

12
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The first geomembrane is UltraFlex rnanufactured by the SLT Corporatlon the second
" oneis a.smoot‘hr HDPE geoxnembrane mannfaeh;red by the Poly-Flex Corporanon :

RIS

Table 1 Mechamcal Propertles of leferent Geomembranes

B

r ‘.

i
i

R , . SLT mxl Poly-Flex
- Thickness . 60mil _ .} . 80mil - 60 mil 80 mil
Density (g/cc) 0.931 © 0931 0.95 0.95
=" | MeltFlow Index <1 . L1 0.2 0.2
*i (g/10min) e ‘
Carbon Black ; 2.5% . 25% 25% 25%
“’Content . - ' : i
: vTensnle Strength at 300 400 285 380
* Break (ppi) ¢ .
‘Elongation at 1000 1000 900 900
|_. Break (psi) ’ -
!| " Tear Resistance " 45 60 50 66
oo (]bi : N
Puncture 90 120 96 128
. Resistance (Ibs) B .
Low Temperature <120 <120 <112 ‘<112
Brittleness (°F)
- Environmental >5000 | . >5000 .>.2000 > 2000
‘Stress Crack (hrs) o :
- Dimensional - B2 S *1 +0.5 +0.5
‘.Stabi@r ‘ ' R L

The followmg tables list some propertles of different geotextlle matenals Table 2 prov1des
water vapor transmission values, Table 3 llsts tensile strength values of membrane sheets
_and seams, Table 4 presents the tensile behawor propertxes values . of HDPE, VLDPE,

. PVC, and CSPE-R membranes, ‘Table 5 shows the impact resistance, Table .6 lists the
interface fnctlon angles of different geotextlles with different types of 8011 Table 7 lists the
angles of friction of geotextlle/geomembrane 33 erfaces, and Table 8 lists the coefficients
of linear expansion for different polymeric materials.

13



Table 2: Water Vapor Transmission Values (2)

Geomembrane Thickness ' - WVT Results
Type Mil mm g/mz-day penm-cm
PVC ' BT : 0.28 SR I S 12x10 2
20 0.52 2.9 1.4 X 10
30 . 0.76 18 13x10
CPE | ar 0.53 064 | 032X107
B 31 0.79 . 0.32 0.24 X 102
38 0.97 0.56 0.51 X 10°?
CSPE | 35 B 0.89 | 0.44 | 0.84 X10?
EPDM 20 0.51 027 . 0.13X10*
48 1.23 0.31 0.37 X 10
HDPE 31 0.8 0.017 .| 0.013X10?
96 2.44 0.006 0.014X 10
Table 3;: Values for Geomembranes Tensile Test on Sheets and Shear Test on Seams
(1) ' S
Typeoftesst | HDPE | VLDPE | PVC | CSPE-R | EIAR
Tensile test on sheet .
ASTM test method D638 D638 D882 . D751 D751
Specimen shape - Dumbbell Dumbbell Strip Grab Grab
Specimen width 0.25 0.25 1 4 (1 grab) 4 (1 grab)
(in.) L : :
Specimenlength @ 4.5 4.5 6 6 6
(in) 1 -
Gege length(in.) | - 1.3 1.3 ‘ 2 3 3
NI
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Correspondmg strain (%)
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Table 5: Impact Resnstance of leferent Geomembranes (1)‘ T

l' ]
2ad

and 36-mil CSPE-R 1)
9 Index tens:on tests: «- o T’m‘
‘ Test pl"()perty ! HDPE VLDPE | PVC |;.. CSPE-R
Maximum stress (MPa) ; | 19~ 8 | 217 ]+ 55
Correspondmg strain (%) 1701 500 480 1. .19
_ ‘Modulus (MPa) 330 | . 76 31..- 330 |
Ultimate stress (MPa) 14 )-8 21 6
Corresponding strain (%) 500 | . 500 480 -| .- 110-
.b) Wide-width tension tests: |, .., =
- Test property . HDPE | VLDPE | PVC | CSPE-R
Maximum stress (MPa) |16 ' 8 1| 14731
Corresponding strain (%)- 15 400 : [-210- | --23
Modulus (MPa) __ ... 450 69 - 20:- |~ 300
* Ultimate stress (MPa) " | 11 8 14 ‘3 -
Corresponding strain (%) 400 400 210 °| .. 79
¢) Axisymmetric tension tests: ' -' N
Test property - : ...| . HDPE | -VLDPE | PVC | CSPE-R
Maximum stress (MPa) ;| ;;:23 10 15 . 31
Corresponding strain (%) 12 75 100 13
Modulus (MPa) - - 720 170 100 . 350 ...
Ultimate stress (MPa) .~ | - 23 10 15 | 31
.25 75 2100 | 13

"~ Table 4: Tensile Behavior Properties of 60-mil HDPE, 40-mil VLDPE, 30-mil PVC,

Point Geometry Angle ‘

.Geomembrane .| = -15 deg. 30 deg. 45 deg. - .60 deg. - 90 deg.
PVC (20 mil) ... 48 _ i 6.6 ; 11 )0 >15.6 - >15.6
PVC(30mil) |:. 68 _ |.-_.10 135 |+21>156 || >15.6
HDPE@Omil) | . 56 .| 69 | - 83 --| .83 T 64
... reinforced . S E ' -
CSPE (36 mil) 9 ‘94 10.3 14.2 >15.6
reinforced
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Table 6: Friction Values and Efficiencies for Soil to Geomembrane Interfaces (3)

-/
Soil Type : ;
: . ... |.. Concrete Sand - _Ottawa Sand | Micha Schist Sand
_Geomembrane | - - (¢ =30 (9.=28") - (¢ =26
EPDM-R" - 24°(0.77) . 20°(0.63) - 24°(0.91)
PVC rough - 27°(0.88) v e . 25°(0.96)
PVC smiooth - 25°(0.81) R 21°(0.79)
CSPE-R - 25°(0.81). 21°(0.72) 23°(0.87)
HDPE 18°(0.56) : 18°(0.61) 17°(0.63)
Table 7: Friction Values and Efficiencies of Geotextile/Geomembrane Interfaces (3)
- R Geomembrane
Geotextile - EPDM-R | 'PVC rough | PVC smooth |- CSPE-R HDPE
Nonwoven, needle | . -23° 23° 21° 15° 8°
punched R
Nonwoven, heat 18° 20° 18° 21° 11°
bond :
Woven, 17° 11° 10° 9° 6°
monofilament
Woven, slit film 21° 28° 28 13° 10° |

Table 8: CoefTicients of Linear Thefmal Expansion for Different Polymeric
Materials (1). :

Thermal linear expansivity x 10~

Polymer type per I°F per 1°C
Polyethylene °
High density 6-7 11-13
Medium density 8-9 14-16
Low density " 6-7 10-12
Very low density 8-14 15-25
Polypropylene - 3-5 5-9
-~ PVC :
.Unplasticized : 3-6 5-10
35% plasticizer - 4-14 7-25
Polystyrene 2-4 3-7
Polyester 3-5 9-9
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3 Liner Failure and Prediction

- The failure modes can be divided into two categories: leaking and liner destruction (1):

* Leaking is the liner’s failure to ensure the containment of waste. Leachate or even waste
leak from the containment to the in-situ soil, through the liner through holes or the loss of
material permeability.

* The liner destruction mainly corresponds to a loss of mechanical properties or extensive
membrane movements caused by phenomena such as creep, membrane uplift by excessive

wind, puncture, etc.

The phenomena can be coupled; for instance puncture creates a hole that causes a leak
followed by tear propagation.
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- 3.1 _Creep-

et .
AN

3.1.1 Definition

" The physical phenomenon occurting in‘most matenal and particularly in plastrcs termed

creep is the deformation of the material over a prolonged period of time under constant

pressure (1). Creep is a material, load, temperature, and time-dependent phenomenon. It is
. associated with all the mechamcal deformatlons tensile, compression, torsion, and flexure

R P
.......

"(2). However, tensile and compressive ‘creeps are the only deformations that matter for

" landfill liners since geomembranes are flexible materials.

) _'The tensrle creep test is carned out” by applymg in-plane stress while the compresswe
"~ creep test is realized' by applying normal loading. Creep and creep-rupture data must be'
o taken' into consideration for the’ detemunatlon of the creep. modulus and stnength of the

matena] for long—term behavior (3)."-

o ‘The creep ‘test measures the drmensronal changes of a specimen submltted to a constant
"~ load durmg a certain ‘period of time, while the creep rupture test measures the time taken
© - for rupture to occur under constant ]oad '(2).
""Creep ‘behavior is commonly assessed at constant times and temperatures and is shown in
, the» graph (see Fig 2): either strain versus time (or log time) or strain rate versus time.

’.

A Strain Rate/Time Strain/T r'me

—

L ;», :ffval’« : Y~.,

i Fij rgure 2: T }prcal creep curves (3)

e
(%}
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3.1.2 Different phases of creep response

The creep behavior of a constant polymeric material can be divided into three phases
called primary, secondary, and tertiary creep. During the primary phase the strain increases
but the strain rate decreases, in the secondary phase (also called steady state) both the
strain and strain rate. are constant, and the tertiary phase is characterized by a rapid
increase of strain and strain rate leading to the specimen’s rupture. .

For polymeric materials, tertiary creep is the _dominating phése for polyéthyiene and
polypropylene, while in geosynthetics made of polyester, primary creep is the dominating
phase, thus some materials do not show strain and strain rate increases before rupture.

Long-term performance is a function of polymer type, grade, manufacturing techniques
(since they influence the orientation and length of molecules), and the percent of
crystallinity. Macrostructure affects creep behavior, since debonded fibers can straighten
and thus increase creep strains, postponing the creep-rupture limit. Even though several
studies show that temperature has little influence on creep behavior, time-temperature
- superposition principles are used to estimate the long-term properties of polymeric
materials. Moreover, for HDPE, increasing the molecular weight can reduce the
temperature influence (4). However, the effect of load is many times greater than the
effect of temperature (3). - ,

Torsion and flexural creep behavior pose no problems for flexible geomembranes that
emphasizes the importance of tensile and compressive creep testing.

3.1.3 Tensile creep behavior
Cazzuffi et al. (3) evaluated the tensile creep behavior of high-strength geosynthetics,

using the CEN European Method in- order to compare the European and American
‘methods. Twelve specimens were placed in a load frame, and tested at a constant
temperature and humidity (controlled air-conditioned room). HDPE extruded geogrids,
PET woven geogrids, and PP/PET woven/nonwoven composite geotextile were trimmed
to conform to the CEN Standard (European Standard), and tensile creep tests were
performed. Comparing the CEN and ASTM methods, no major differences in the
procedures were observed, although parameters such as specimen sizes and loading time
differed slightly. = S

The test temperature was 20°C and the humidity 65%; three different loads were applied,
20%, 30%, and 50% of the wide-width tensile strength. Strain versus time and strain rate
versus time graphs were plotted for each load and material. The testing time extended to
10000 min. Only one specimen posed a problem: the HDPE extruded geogrid approached
failure for a load equal to 50% of the wide-width tensile strength; other specimens
remained acceptable for this small period of time.

3.1.4 _Multi-axial tensile creep

Merry and Bray (5) tested geomembranes for multi-axial tensile creep. Specimens were
made of extruded HDPE produced by two different manufacturers. The objective of this
study was to evaluate the stress-dependent creep of HDPE geomembranes at different
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temperatures ranging from 2°C to 53°C. Spemmens were: exposed to a constant stress
.+ ranging from 2 MPa to 15 MPa for a period of 36 hours. -
-+ The test results:proved that when the: temperature increases, . the response softens
.. significantly. ‘When loaded to the same stress level, a'geomembrane exposed .to a higher
* - temperature will fail sooner than a geomembrane exposed to a cooler temperature.
~ “This test contradicts the .common :thought ‘that creep behavior is poorly affected by
;' temperature, and implies that other studies should address exposing specimens to longer
* time periods. An-interesting conclusion of this test is that the behavior of membranes
- - tested in a multi‘axial ‘mode can be modeled by an adaptatron of the Smgh-Mltchell ©
creep model ongmally developed for soil.. ok

R T
oy i 1 I A A

o 3 ] 5 Creeg rugtureenvelog S IR ‘ - : : «
While characterizing the creep behavxor ofa matenal it is mterestmg to evaluate the creep
rupture envelope (2), which is the curve connecting the rupture points of several tensile
.+ creep-rupture test curves, ‘Fig. 3. The creep-rupture tests are carried out for different
w5+ ~temperatures and loads. The envelope curves are of pnmary 1mportance for desxgmng W1th
geomembranes S C o ~
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F tgure 3: Creep Rupture En vclope (2)
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3.1.6 Compressive creep s
Beside tensile creep behavior, the compressive creep behav1or should be evaluated

Effectively a landfill liner is submitted to a constant vertical load during a long period of
time, causing geometric deformations and eventual damage leading to the liner’s failure.
Montanelli and Rimoldi (6) evaluated.the effect of long term hydraulic flow capacity of
compressive and intrusion phenomena. One aspect of this test was the assessment of the
compressive creep behavior of two drainage geocomposites (Tenax TNT 300 presenting a
thickness of 7 mm, and Cleymax GCL 500 SP-presenting a thickness of 5.2 mm). The
specimens (100x100 mm) were placed between two rigid ‘steel plates and loaded with
specific pressures equal of 100 kPa and 200 kPa. -

The test was performed for 10,000 hours and as expected a decrease in thickness was
observed but no failures were recorded. The thickness decrease ranged from 3 to 6
percent of the original thickness. -
Reddy and Daniel (7) evaluated the effects of compressive creep on'landfill liners by
testing the compressive creep behavior of a HDPE geonet. In the first part of this study
specimens of different thickness (160, 220, and 300 mil) were tested in untreated and
treated (by an agent inhibiting the development of excessive biological growth) leachate at
a constant pressure of 110 psi. The percent strain, in the untreated leachate, ranged from
3.8% (160 mil) to 5.8% (220 mil). Values for the treated leachate were significantly lower
than those for the untreated one, which implies that the more contaminated the leachate,
the larger are the compressive creep effects. Nevertheless, no failures were observed for
the time period of 120 days.

On the sides of a landfill, the liner is not only submitted to compression stress but also to
shear stress due to the side slope. Some studies analyzing the effects of shear stress on the
membranes have been realized. Cazzuffi (8) presented the procedures for combined
normal and shear compressive creep testing. Similar to regular compressive creep testing,
the specimens must be tested at a constant temperature of 20°C, and humldtty of 65%;
their shapes can either be rectangular or circular. The test is carried out in a compressive
machine, the apparatus is composed of a fixed base plate and. a top plate free in the
vertical and horizontal directions. The inclination of the membrane should be adjustable.
The test is conducted like a regular compressive test: the change in thickness is measured
for a prescribed period of time, at least for 1,000 hours.

Fig. 4 presents typical compressive creep curves under three different pressures.
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- Figure 4: Typical compressive creep curves (8)

Methods are available to predict the life ofa geomembrane based on cfee’p failure. These
-, methods are discussed in detail ,in. the Chapter 5, devoted to life prediction of
~ geomembranes. A '
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3 2 Stress Crackmg , v

a0 - ....;.'.‘t_a.‘;. .;-!‘.J:

"321 Definition” =~ -+ 0SSN e e Cre T

Stress cracking (SC)'is the brittle fracture’ (mternal or extemal) of thermoplastlc materlal

under sustained tensile stress at a significantly lower stress than the material yield strength

(1) ‘Environmental  §tress ‘crackingiis "the stress “cracking of matenals subjected to
envnronmental condmons such as weather or chemical agents ~

C e s an e

Many failures due to SC reported are restncted to uncovered lquId 1mpoundment liner or
liner caps; but no failures in landfill bottom liner have been presented (2). Even if no
evidence was found to show that SC occurs in the covered liner, it is important to assess
this phenomenon since it occurs in the uncovered liner, therefore chances are that it also
occurs in the buried one. It may be only a questlon of time before buried liners damaged
by SC will be reported.” .~ "= ¥
SC not only occurs in polyethylene material but also in plain carbon steel, several stainless
steels, metallic alloys, PET, and in plasticized and unplasticized PVC.

3.2.2  Different types of failure

- Two . different modes of SC 1 may oceur: raprd crack propagatlon (RCP) or slow crack
growth (SCG). As the name indicates, RCP is associated with very high velocities (over
300 m/s), and may spread over hundred of meters in length. Failures of this type, also
called shattéring failures, occur in geomembranes exposed to extremely cold weather with
temperatures lower than —20°C. The tnggermg is some kind of dynamlc or 1mpact type of
" fallure(3) S : R : S

SCG is assoc1ated wrth velocmes Iess than O 1 m/s and propagates at a specrf ic (possxbly
varying) rate during the membrane service life. The rate of propagatxon is a function of the
. polymer material, applied stress, and temperature This mode is really problematic since
failures can appear with stresses as low'ds 20% of the material yield stress.

In a rapid crack failure, the rupture occurs in a brittle manner (rupture abrupt, without
plastic deformation). In a slow crack failuire, the geomembranes may fail either in a totally
ductile (important plastic deformatron) or totally brittle manner, or may start with a ductile
behavior and change to a bnttle ‘miode: This depends mamly on the stress applred

RV 1‘ e

A ;“f ; ]mm\(“
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Figure 5: Different faces of the specimen. Left: Ductile, Center: Brittle, Right: Quasi Brittle

Fig. 5 presents the three different types of failure: ductile fractures usually occur at high
temperatures with low load application velocity, while brittle fractures occur at low
temperatures under high velocity loading.

-~



3.2.3 Mechanism of Stress Cracking

A crack failure can be divided into three different phases ﬁrst a craze (a non-opening
defect) appears at the notch, then it progresses to an open crack, .and finally the crack
‘propagates through the geomembrane thickness creating the failure (Fig. 6).

As soon as a crack is mltlated it is extremely dlff cu]t to predlct the propagation rate,
since it depends on a multitude of factors.

Notch.  Crack. . Craze

Figure 6: Crack and craze formation in HDPE geon_tenibranes 3)

The crack propagates perpendicularly to the stress orientation through the membrane
thickness due to the periodical rupture of the fibril. The rate of slow crack growth can be
mathematically modeled by the following equation:

Where: S
K: Fracture Toughness (Mpa/m®?)
- da/dt: Crack Growth Rate (m/s) :
p: Constant Dimensionless (ranging from 0.5 to O 125 for PE Materials)
q: Constant with Dimensions of [(Mpa/m®®) (m/s)*]
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"Table 9: Fracture Toughness (K) Values of Different Polymers “@

Materials - =200 T ot . Fracture Toughness (Mpa-m'?)
Polystyrene (PS) i 0.7-1.1
Polycarbonate " - = il‘-"} 2.2
Polyvinyl Chloride (PVC) 7i:i. . 'J. 2.0-4.0
Polypropylene (PP) . -:. f~:" 3.0-4.5
Polyethylene (PE) - ’ 1.0-6.0
Polyamide (PA) ~ = - 2.5-3.0
Polyesther (PEQ ';“ - 5

. 4

3.2 4 Microscopic asgects 0[ SC ‘ ‘3‘;

Polymers are composed of crystallme and amorphous regions. The crystalline region is
made of long parallel molecule chains forming lamella, which form a spherulitic geometry.
Other molecule chains, compnsed of tie molecules crossing and joining the lamella without
specific orientation, form the amorphous part of the polymer (5).

The tie molecules bind the lamellas and so provide the strength, when their numbers
decrease the strength reduces (6). Their role is primordial since they tie or bond the
crystallme region into a coherent structure unit, thus forcing ductile behavior rather than
brittle behavior (3). The molecular arrangement affects the SC behavior of the material.
" The SC resxstance will decrease w1th the increase in matenal density and crystallinity, since

the number of tie molecules

The co-monome content tends to affect the entanglement of the tie molecules and the
loose loops, it also tends to reduce the polyethylene crystallinity, thereby increasing the SC
resistance. Nevertheless, molecular weight does not necessanly increase the SC resistance,
since an increase of crystallinity does not always 1mply an increase of density.

The molecular mechamsms causmg SC are cham sc1ssron - bond breaking, cross linking, or
T
_extraction of various components.

(a) Initial steps in the deformation of, polyethylene - -




(b) Steps in the ductile deformation of polyethylene

Molecules '

 Toouetoog >
. HE (a)

Figure 7: Conceptualization of ductile and brittle failure mechanisms in semi-crystalline polymer
materials, after Lustigier and Rosenberg ).

Fig. 7 shows the different steps for different modes of rupture at a molecular level. Fig. 7a
presents the effect of a small deformation, Fig. 7b presents a ductile failure where the
crystalline region is pulled apart in a cold drawing mode (plastic deformation of fractured
face material, occurring parallel to the applied force), and Fig. 7c presents a brittle failure
where the tie molecules are separated in an abrupt mode, while the crystalline region
remains intact (3)

~Asan HDPE lmer ages, the amount of crystalhmty increases; the number of tie molecules
decrease, thus decreasmg the SC resistance of the membrane (7).

Even if the. SC.propertrle.s of a polyethylene membrane decrease when the amount of

crystallinity and density increase, some medium density polyethylenes are more susceptible
to stress cracking than HDPE.
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The polyethylene microstructure characteristics and the manufacturing process are the

. primary influence in the behavior of the geomembrane vis-a-vis SC. Therefore, some

geomembranes are better than others, and some seam geometries act better with a specific
resins: the problem is to determine the optimum best performance combination of resin
and seam geometry (8).

3.2.5 Reasons for SC

To initiate, a crack needs two triggers: a stress and a geometrical imperfection creating a
stress concentration point. SC phenomenon is mainly linked to overstressed liners due to
restrained thermal contraction during low temperature cycles (8). The stress. may be
initiated by contained fluid or landfill waste, subgrade settlement, thermal contraction due
to geomembrane’s shrinkage at Iow ‘temperatures, or the manufacturmg process. A
polymer may present ductile behavior and withstand a particular SC agent in an unstressed
state, but may fail in a brittle way while in a stressed state, even with low stress values (5).
Crazes can be developed by membrane exposure to stress. These crazes are porous
regions that absorb chemical fluids, which accelerate the relaxation of the polymer’s yield
point at the tip of the craze. Crazes may grow into cracks and lead to brittle fracture. The
study of the stresses in a liner slope (8) shows that the highest thermal contraction stresses
are on the top of the slope, where the material is clamped to the ground and stress

' 'relairation is prevented. In contrast, at the center of the slope the material is free to relax.

The stress concentration factors can be ‘three or more. Stress concentration points are
created by -surface scratches, extrusion die lines, grinding gouges, seaming machine
gouges, re-entrant angles-at the edges and on the surfaces of seams, water vapor voids

" within " seams, lack of bonding at' seam ‘interfaces, and carbon black agglomerates (8).
* However, it appears that in most cases the stress concentration point is located at a seam.
"~ "The problems appearing at seams are dué to natural discontinuities of the:overlap

conﬁgurations used to seam geomembranes, ‘and also possibly due to overheating of fusion

~"seams and /or excessive grmdmg associated with extrusion flat or fillet seams (3).

Failures can’ also occur along  folds " or at surfaces. Especially, when different thermal

contraction ‘stresses occur on the inside or outside of the fold, the situation is aggravated .

by unfolding of the membrane during cold weather. Surface cracking can-occur due to
single bending of a panel exposed to solar radiation. For an uncovered geomembrane,
special care must be taken to ensure that 'the rnatenal contains sufﬁclent carbon black or

’thatxtlsUVtreated o ’

Residual stresses are created by the manufacturmg and installation processes, particularly

in high crystalline polymers HDPE rs a very sensitive matenal for the occurrence of
residual stresses (9) KA s s S

LAY

In order to determine the residual stress values, Koerner et al.-(3) attempted to extrapolate
the ‘hole method’ used in metals and composites to HDPE geomembranes.

This method tends to quantify the residual stress in a material by drilling a hole in the
center of a rosette strain gage (see Fig. 8). The rosette is placed on the surface of the
material, the indicator is set at zero. After the hole has been drilled the material releases its



residual stress, leading to an ovalization of the hole due to the strain relaxation. At this
stage, the material changes from a stressed to an unstressed state; this change in strain is
measured by the rosette gives the residual stress.

Figure 8: Strain gage rosette for hole drilling method (9)

The results of this first study show that HDPE membranes can have residual stresses as
high as 10% of their yield stress. This method has been explained in detail by Lord et al.
(9), along with the results on sheet and seam tests.

- 3.2.6 _ Different factors affecting the SC behavior of geomembranes

Several field investigations indicate that ultra-violet, radiation is an important cause of
stress cracking. While exposed to solar radiation, fine parallel cracks appear on the
membrane’s surface. UV.provokes the loss of plasticizer, particularly in PVC material,
stiffening the membrane, and enhancing its brittle behavior.

Temperature is also an important factor in the SC of geomembranes. Elevated
temperatures promote the oxidation of stabilizer added to the HDPE to retard the liner’s
breakdown, also reducing its properties (7), while cold temperature causes brittle
behavior, and shattering. '

The temperature. gradient plays an important. role since a rapid change in temperature
provokes thermal stresses in the material. During winter it is possible that the temperature
can change from —20°C at night to 80°C in the day (8), which implies a gradient of 100°C;
in this case the amount of material compensation should be at least 2.5m.

Temperature influences the SC behavior by reducing the time of failure. Thus, by

combining factors such as temperature, chemical agents, and stress it is possible to
accelerate the failure of membranes in a very short time.
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F igure 9: Ejfect of dq'/]'erent factor on stress cracking behavior (5)
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obvxous in this figure.
The most common chemical agent to accelerate SC of polyethylene is Igepal CO-630,

. 'which is a nonionic surfactant featurmg a cloud point (temperature at ‘which' turbidity
‘appears) of 52- 56°C The assessment of polymer time to failure with accelerated testing
.. using chemlcal agents, such as Igepal at a temperature different from the cloud point are

not accurate, or provide suspect data Since a change of agent concentratlon w1ll affect the

~ time to fallure (5).

o Cycllc stress (fatxgue) mduces faster SC than constant stress (6), which 1mphes that during
" the desrgn ofa liner speclal care must be taken to account for cyclic loading. However,

fatlgue may be used for accelerated testmg Unfortunate]y, no standard test has been

~ developed as yet.

(R

3.2.7 __Repair of crack

| In stainless steel, repairing a‘crack by weldmg can aggravate the crack growth due to the
chosen repair process. This’ may also happen m HDPE geomembranes due to repalr of a

notch by welding (10. - o

The repairing of a crack cannot be effected by simply placmg a bead of extruded material
over the crack zone to close the opening, since more heat in an already stressed region
may cause other cracks or tncrease_the rate of propagation of existing crack.

LIPS oy t
L P

3.2.8  Study of Geogrids =t 1T

'Jaxlloux -and Anderson (l) tested the SC behavior of HDPE geognds Two -types of
‘spemmens were evaluated at dlfferent stress ‘values. Specimen Type 1'had a notch in the

rib, while the Type 2 specxmen had a notch in the transmon zone. The notch depth was
30% of the geogrid thickness. The spec1mens ‘were immersed in an'1% Igepal solution at
temperatures equal to 50°C, 65°C,'and 80°C. The results of this test showed that the stress
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rupture properties were affected by temperature, and:that the rib part of the geogrid is
much stronger than the transition zone. The rupture for Type 1 was by brittle cracking,
while Type 2 showed no evidence of brittle cracking. Moreover, plastic deformations
occurred primarily due to creep and to cold drawing of the material from the adjacent
node material (1). The temperature decreased the time to failure. The extrapolation from
the resulting curve must be interpreted with caution since the curve is composed of 2 lines
_ forming a knee. However, if the extrapolation is done only with the first part, the result
will be extremely incorrect.

3.2.9 Field investigation
Koemer et al. (3) conducted a study to determine the occurrence of HDPE geomembranes

SC in the field. Fifteen sites were analyzed and the reasons of failure determined. It
appears that the ruptures at the seams are mostly associated with two extrusion types of
seam, which are flat and fillet. Some failures were reported to occur in membranes in time
periods as short as 3 months. The locations of failures were always in the exposed runout
length or along the side of a slope; for the cases where cracks were in the bottom, the
cracks initiated during construction. The causes of the stresses were mostly thermal, and
the causes of crack initiation poorly constructed seams. -

3.2.10 Brittle cracking
One particular type of stress crackmg in geomembrane is the one associated with

shattering failure,. occurring mainly in polyethylene materials during cold weather with
temperatures ranging from 5°C to —30°C. Many failures of this type have been reported on
side slopes of uncovered liners.

Brittle cracks may vary from simple cracks (a few centimeter long) to sunburst cracks.
Sunburst cracks are multi-branched shattering patterns covering areas reaching up to 70 x
15 meters (11). For all the reponed failures, cracks initiated at the seams or spot tack
welds, which implies that the seaming technique is the main cause for this problem, even
* though a small single crack is necessary to generate the shattering crack.

Peggs (11) presented the results of tests conducted to understand the shattering cracking
phenomenon. The study of fracture faces with a microscope showed that the faces are
very smooth showing no plastic deformation, and featuring chevron pattems pointing to
the propagation point. The propagation points were found to be at seams where
geometrical notch stress concentration points were located. It was also found that many
propagation points were located at the intersections of seams and points reseamed with a
fillet bead.

Moreover, it is clear that excessive thermal energy input increases the possibility of brittle
SC at seams; incorrect seams may reduce the SC resistance of geomembrane up to 50%.

. The crack growth rates were evaluated and different values found for different materials,
implying that the different polyethylenes do not have the same mechanical durability (11).
The thermal expansion factors were also assessed to understand the thermal SC caused by
the cold weather. The curves are comprised of two parts: one below 50°C with a
coefficient approximately equal to 1.2 x 10™ °C" and the other above 50°C featuring a
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coefficient of 7 x 10* °C™. Uniaxial tensile testing showed that the yield stress increases
from 20.7 Mpa, with an elongation of 12%, to 35 Mpa, at 25°C, and an elongation of 6%,
at temperature of —30°C. The break point stress also increases from 29 Mpa (850%
elongation) to 35.2 Mpa (422% elongation), indicating that during cold weather the
geomembrane possesses better properties-with respects to stress but will break at lower
elongations. This study showed that a stress (50% or less of the yield strength) must exist
in the material to initiate the SC phenomenon During seaming procedures, special care
-must be taken to prevent notches in the seams, particularly damage by overheating.

A non-penetrating crack can be repalred without affecting the geomembrane, nevertheless
while repairing wide shattering cracks, a compensation panel must be placed in the liner
system to stabilize the effect of the temperature. .

3.2.11 Review of the Stress Cracking Evaluation Test .
The first test used the test-standard"ASTM D 1693 (12) “Bent Stnp Test”. A surface

notched (20% of the thickness) rectangular specimen is bent in a 180° arc and placed
within the flanges of a small ‘metal channel. Ten specimens are usually tested
simultaneously in a surfactant agent and at an elevated temperature. The times to failure
are monitored.

Although this test was used for many years, it was not included in material specifications
for HDPE geomembranes (13)." Effectively, this test is not aggressive enough toward
modern resins ‘since polyethylene:can relax the applied stress, canceling the desirable
stressing effects. This implies that whatever stress is applied, the material will relax and the
stress will drop to nearly zero. Moreover, it takes an extremely long time to perform,
more than 1,500 hours.

ASTM D 5397 (14) “Notched Constant Tensile Load Test NCTL is a much more severe
test since ‘the specimens cannot relax while under constant load. A dumbbell shaped
specimen is notched, placed in a surfactant agent at a specific temperature, and constant
stress is applied by a dead weight. The applied stress varies from 20% to 65% of the yield
stress. Ten different stress values must be applied to test one specific material; moreover,
to ensure the quality of the measure, three specimens must be tested for one applied stress,
which means that thirty ‘specimens-must be tested to evaluate one material. The time to
rupture is monitored and used to generate an applied stress versus failure time curve. Each
different stress prov1des one pomt whlch [means that the curve is drawn by joining the ten
different points. '
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Figure 10: Behavior of HDPE Material l;ll a NCTL Test (3)

Fig. 10 presents the different types of response curves for different HDPE materials. At
least two distinct regions can be identified: for high stress level, the specimens respond in
a ductile manner, while in the second region (lower stress level) they fail in a brittle
manner. Depending upon the applied stress, a specimen can fail in a totally ductile or
totally brittle manner. The transition time appears to be at 35% of the yield stress.

The problems associated with this test is that the time required sometimes over 1000
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hours, for a sizable number of specimens. Moreover if the statistical averages are not
reasonable, some of the data pomts must be obtained by re-testing (3).

In order to modify the prevrous test, the “Single Point Notched Constant Load Test, SP-

NCLT” (ASTM D 5397 Appendix) was deve]oped In this test only one notched specimen
is tested at a constant stress equal to 30% of the yield stress (point slightly lower than the
trarisition point). The minimum time a material must withstand is 200 hours. In order to
obtain statistical correct values, five tests must be carried out. This test has proven to be
the best tool (13). Since its results correlate with the field performance it can be used with
confidence. : 3

However, some drsadvantages have been encountered This test cannot be performed on
textured geomembranes since it 1s difficult to create an accurate notch on the rough
surface ‘of the material. Moreover, scattered results among different laboratories were
found, increasing the difficulty to evaluate the SC of a geomembrane (13).

" There are two reasons for the scattered results. Using an average 30% of the yield stress

does not ensure accurate results since a yield stress for a specific material may vary from
one roll to another, therefore the applled stress may range from 27.5 to 32.5 percent
instead of the specific 30%. Another cause of scattered results comes from the notch; even
if the razor blade is replaced every 20 notches, as specified in the ASTM standard, the size
of the notch may vary from the first to the last notch. Nevertheless, a good method to
prevent scattered results is to do five tests instead of one, and validate geomembranes for

B more than the 200 hours specxﬁed in the ASTM standard , BN

""Some procedures have also been developed to test .the SC behavior of seams. An
adaptation ‘of -the -SP-NCLT to seams; the.“Seam Constant Tensile Load, SCLT”,
‘evaluates the quality of geomembrane seams. Therefore, comparisons between the seam

" test results and sheet test results:can- provide information' on the effectiveness of the

seaming technique. A notch is introduced in a seamed dumbbell specimen (see Fig. 11).
The test conditions are similar to those for the SP-NCLT tests.

35



(Hlot Wedge or Hot Alr)

Figure 11: Seam test SCTL specx.’mens 3)

3.2.12 How to prevent SC

It is of paramount importance to ensure that the membrane is mstalled thh sufficient
slackness and compensation for applications in cold weather. This creates an error margin,
which guarantees non-failure in SC testing. HDPE compensation panels can be inserted
allowing the elimination of the thermal stress. Uncovered geomembranes should feature a
minimum slackness of 1% when exposed to UV; they must be covered by an insulating
panel (10). Special care during seaming is required to minimize the risks of imperfections
in the seams, which are stress concentration points that may lead to propagation. A
properly selected resin and additive package together with proper manufacturing of the
sheet, will ensure a stress crack resistant material (3). -

3.2.13 Method of prediction
A method to predict the life of HDPE geomembranes based on SC has been developed by
Kanninen (15), and is explained in the chapter devoted to life prediction.
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3.3 Puncture/InstaIIatton Damag_
3.3.1 Introductton A "-‘~'J' SAEERE : -

rInstallatlon damage is caused during the construction and mstallatlon of the liner; and

* decreases ‘the strength of the liner. Puncture'of the geomembrane or. the geotextrle is the

most common and the worst type of damage to the liner.

One effect of puncture is the alteratron of the liner’s durabrhty and impermeability. This is
of serious concem as after landfilling it is: 1mpossrble to determine the state of the
membrane, i. e the puncture phenomena cannot be assessed The designer cannot use test
data to predrct the geomembrane behavror .

During their life (installation mc]uded), landﬁll liners are submitted to short term as well as
long-term puncture forces. Short-term forces occur durmg the installation of the drainage
gravel, while long-term forces are caused by overburden loads of the waste (pressures of
the order of 10 000 to 20,000 lb/ﬁ’)

The puncture phenomenon can elther be static or dynamrc Dynamxc puncture is due to the
fall of objects as stones, gravels or tools, and occurs mainly during installation. It is a
function of the object welght and the fall herght It is a short-term effect. Static puncture is

v ‘due to the confact of a stoné or gravel with the geomembrane under static normal stress. It

‘can either 'be a short-term (trafﬁc) ‘or long-term (fall of upper layer) phenomenon.

T Burstmg, a sort of" static puncture occurs ‘when static pressure pushes the geomembrane

into a gap formed between two aggregates caused by Iocal dlfferentlal settlement

PR PR

Geotextiles are used with geomembranes because of therr complementary properties.
Geomembranes are impermeable and sensitive to puncture, while geotextiles are
permeable and puncture resistant. Hence, to counter the problem of puncture sensitivity of
geomembranes, it is common to install a geotextile layer over a geomembrane. Geotextiles
possess different advantages when used with geomembranes they provide a good
puncture resistance layer as well as abrasmn resrstance, they also help welding by
provrdmg a clean surface 1. - 4

3.3.2 - Methods of prediction

The Solvay -group developed a method (2) to ensurmg no dentmg of the geomembrane,
and, therefore, no change in durability, by determmmg the stress at failure and the
admissible stress of the geomembrane o ; P
The stress at failure i is defmed as the maximum statrc stress that can be applied without
. causing leakage “The geomembrane is tested wrth a hydrauhc puncture pressure of 1,300
kPa, and the stress at failure is deﬁned as follows:

“6,=1000/ (Dyx Do) X [160 Ty=0.12 + (1000 T,— 0.3 M™]..........[3.3.1]



where

O, stress at failure (Pa) R

D,: maximum diameter of crushed gravel in suppomng layer (m)

D.: maximal diameter of crushed gravel in protective layer (m)

T,: thickness of the geomembrane (m)

M total surface mass of both geotextiles above and under the geomembrane (kg/m?)
These variables are presented in Fig. 12, :

Figure 12: Mechanical puncture parameters )

From the stress at failure it is possible to determine the admissible stress, defined as the
maximum stress for which no puncture marks will appear on the geomembmne Using
field experiments, the Solvay group determined that the admxssxble stress is approximately
one-tenth the stress at failure. By using the Boussinesq model, the stress due to vehicular
traffic at the geomembrane level can be determined with the plots in Fig.13.
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_ Figure 13: Graph providing the stress at the geomembrane level (left) and its thickness (right) (2)
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: Using this' method it is possible to.determine the state -of the geomembrane and the
- thickness ‘of the protecting liner. This method has been- validated by many work site

L observatrons and can, therefore be consrdered efficient.

Wong and Wuewrckreme (3) developed a computer analysrs method by usmg the FLAC
(Fast Lagrangian Analysis of Continua) program to model the action of. gravel on a
geomembrane th 14 Severa] assumptions were made smce the reahty is extremely

* complex.:

' h Fi’gur_e 14,'_Model ofagravel purretziring a geomembrane (3) St

A hemispherical gravel particle was modeled, applying stress on the geomembrane, with
the geomembrane placed over a sand bedding. A Mohr-Coulomb yield criterion was used
to determine the “failure” of the ggomembrane. An axrsymmetrrc mesh was used as well as
a postprocessor for determining the results The results were close to the field data
provmg the efﬁcrency of the program . :

Grroud et al (4) carried .out’ a theoretlcal analysrs of geomembrane puncture and
established a relationship between the puncture by a probe, and by a uniform stone layer
subjected to ' liquid pressure The -relationships between the -geomembrane resistance to
puncture by stone, under different conditions, was also established.

" The first part of this study formulated an equation for theoretical puncture resistance of a
geomembrane by a probe, based on the assumption that the contact area between the
geomembrane and the object can be represeited by a crrcle ' "

The equation was as follows:

. i‘~‘;::‘;1.. e (} - . :
‘F =m d o,,eaktm,zt,,c,k..._......7..7.........;7....., ..... [3.3.2]
where F,, is the puncture resrstance, dp is the diameter of the probe, tom is the thickness of

the geomembrane, Gpeax is the geomembrane stress at peak, and Ze pex is the peak value of
Z- ‘ . “:-.‘.1 ".,‘:‘l. N . - IZ . .
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This equation was validated by comparing the theoretical results (from Equ. 3) with the
test results based on NSF specifications for puncture resistance, tensile stress, and strain at
yield of HDPE geomembranes. However, this equation can only be used for material
yielding or rupturing at strains not greater than 57 %, since Z exists only in the range of 0
to 57 %. HDPE is one of the materials that allow prediction, since it yields at a strain of
10-15%.

In the second part of this study, the authors established a relationship between the
puncture resistance of a geomembrane in a probe test and the resistance to puncture of the
geomembrane (laid on a layer of stone) subjected to pressure applied by a liquid.

For the case of a stone, the equation becomes:

FPS" L1 dc; Gpcak tGM Zg pcak ........................................... [3.3.3]

where F, is the force exerted by a stone on the geomembrane, and d is the diameter of
the equivalent circular contact area between the stone and the geomembrane.

If the geomembrane is free to clongate, the probe and stone will have the same values of
Opeak and €peax causing puncture failure. But when the geomembrane is in contact with a
solid material as a soil, in contact to stones it is not free to elongate. To counter this
problem, the pressure is applied by a liquid, which allows it to elongate.

p

NNy

Figure 15: Configuration of a pressurized geomembrane placed on a uniform layer of stone (4)

The puncture force in this configuration is:
Fo=PAug =P [3.3.4]

with p the pressure applied by the liquid, and A.,, the average surface area of the
geomembrane associated with the stone. -

Aqg=A dsin the general case, with A ranging from 0.87to 1.
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Figure 16: Stone contact on a geomembrane (4)

-+ % Since d; >> ds the equation becomes: ;i..- .. . St o

wrth pp berng the pressure of the quuld
i B .~ I R P RS
-For the case of round stone, Frg 16 the puncture resistance is 1ncreased since the contact
- pressure is.decreased. due ‘to the rncreased surface contact.: But it is possible that the

- geomembrane will fail by bursting between the stones-instead of. failing by puncture. The
" .authors established relations for.geomembrane resistance to puncture by stone under

- different conditions. The relation that can be used for the design of field applications has

" to be:based on laboratory -probe - puncture tests. This: study -also proved :-that the
geomembrane puncture phenomenon is a function of the diameter, of the contact area
between the geomembrane and the punctunng object the membrane thickness, and the
~tensrle propertres of the material; moue- o 0 o e L e e
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3. 33 Laboratogz tests TR P

- :. Motan et al. (5) assessed the damage caused by overburden pressure (10 000 to 20,000

.. 1b/f) on geomembranes. The first stage of:the study was to’ expose the geomembrane
- -(with or without geotextile) to gravel in a;pressurized -chamber, Fig. 17, pressures being
set at 10,000, 15,000, and 17,000 -1b/R’ <The second::stage .was multi-axial testing

+ = (according to the test method GRI-GM4). The air pressure was gradually mcreased with
- 't monitoring of the central deflection of the’ geomembrane (only:the specrmens that did not

-suffer puncture durmg the first step were tested in the multr-axral chamber)
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Figure 17: Setting of the pressure chamber used during the first part of this project (5)

Three configurations were studied to protect a smooth 60 mil HDPE geomembrane: a) a
continuous-filament, polyester, non-woven, needle-punched geotextile, b) a continuous-
filament, polypropylene, non-woven, needle-punched geotextile; and c) a staple,
polypropylene, non-woven, needle-punched geotextile. The gravel (AASHTO #57) was
chosen because of its angularity to induce damage.

To get important data, three different configurations were tested in the multi-axial test
chamber: a) virgin specimens not exposed to pressure, b) specimens exposed to pressure
but without geotextile protection, and c) specimens exposed to pressure with geotextile
protection.

The results showed that for unprotected geomembranes, specimens failed during
pressurization at 10,000 Ib/fY’. An interesting result is that when the geomembrane does
- not puncture during the first stage of the test (pressurization), it will yield the same results
as a virgin geomembrane that is multi-axial tested. But it was not possible to classify the
different geotextiles, since they showed the same protection properties. The breaking
strains appear to decrease with the increase of pressure, and increase with the increase of
- the geotextile weight. Different failure modes occurred: loss of pressure, pinholes, large-
* scaled splits or tears.

Two test methods are commonly used to assess puncture properties: ASTM D5494 and
GRI-GM3. Beside these methods, the Austrian standard ONORM S 2076 presents two
interesting test methods to assess the long and short-term puncture effects on liners. The
" first test consists of a pressure plate to simulate the long-term effect, while a pyramid
- puncture test simulates the short-term effect. Wermer and Puhringer (6) used these two
- test methods to assess needle-punched PP continuous filament non-woven and needle-
- punched HDPE staple fiber non-woven geotextiles.

The pressure plate apparatus is composed of a plate embedded with steel balls to simulate
- gravel as well as obtaining an even distribution of defects. A plate is set in contact with the
protecting geotextile, which is on the top of the geomembrane. Below the geomembrane,
a soft metal sheet is placed (see Fig. 18), which will be deformed by balls; then laser
scanning is used to evaluate the deformations (see Fig. 19). Two different temperatures
are used to simulate the temperature inside the landfill; also, two loads are used: 589
kN/m® and 1104 kN/m?®, which simulate waste heights of 50 and 90m respectively.
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. 2 »The pyramxd test consxsts of a pyramld-ended rod pressmg agamst the tested sample An
. electrical current between the rod and the base plate indicates when the perforatlon occurs

(see Fig. 20). B
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Figure 20: Pyramid piston apparatus (6)

The results of these tests showed that for both configurations the PP continuous filament
non-woven geotextile has superior puncture resistance compared to the HDPE staple fiber
non-woven geotextile.



It was also shown that the parameter-influencing punctures are as follows: overburden
load, geomembrane type, geotextile type and mechanical properties, temperature, type and
size of drainage gravel, and the evaluation method. The conventional scanning method
used for the evaluation of the soft steel sheet deformation leads to misleading results since
local deformation peaks are not detected. This problem emphasizes the efficiency of the
laser scanning method.

Artieres and Delmas (7) presented different tests for the determination of liner puncture
resistance on several liner materials. These tests were intended to characterize the
behavior of the test specnmens while exposed to dynamlc and static puncture.

The puncture resistance system of a liner consists' of a non-woven needle-punched
geotextile protecting the geomembrane from the gravel of .the drainage system: An
efficient method to test material against puncture is to conduct larger scale performance
tests that exactly reproduce the liner-layered structure. However, these tests are
expensive, long, and cannot be repeated as wanted. To counter these problems, index tests
have been developed which are inexpensive, rapid, and repeatable. Performance tests
require the reproduction of the liner condition (same material, same scale), while for index
tests some parameters are arbitrary fixed (usually the shape of the loading piston and the
type of support) to facilitate laboratory tests and repeatability.

For dynamic testing, the stiffness of the matrix is an important parameter, which
conditions the specimen deformations. A flexible geomembrane will have a lower puncture
resistance than’a stiffer product, even when a geomembrane protection layer is used.

Protection against dynamic puncture has been shown to be very efficient, especially when
using the combination of upper and lower geotextile protection layers (with good bearing
capacity but small surface hardness). For static puncture, it has been shown that stiffer
geomembranes possess better resistance than flexible ones. Moreover, the resistance is
‘almost a linear function of the material thickness, indicating that thicker the geomembrane,
more the resistance. Tests of geomembranes protected with geotextlles show that the
resistance of the assembly is approximately equal to the sum of the puncture resistance of
the different components calculated independently.
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Therefore, the desrgner can calculate the puncture resistance of a liner system by simply
....adding the puncture resistance of the drfferent components (see Fig. 21). The index tests
results are quite close to the field results thus proving their effectiveness for prellmmary
design; the final design can be baséd on the analysis of the simulated real condrtron .

. 3.3.4 - Full-scale tests

‘Wong. and Wijewickreme (3). assessed the survrvablhty of 40 mrl HDPE and 30 mil
-+ 'VLDPE geomembranes submrtted to puncture stress durmg installation “with stress
-.induced by vehicular traffic. This, study modeled a cap preventing ]eakage To protect the

geomembrane a thick non-woven needle-punched geotextile blanket was placed above it.

» .:A 300 .mm tluck layer of gravel was p]aced above the geotextrle blanket that is placed

above the geomembrane, whrch is mstalled above a bedding. For cach geomembrane 30
mil VLDPE and 40 mil HDPE) three different bedding conditions were used: 1/3 of

~ .. compacted sand and gravel, 1/3 with loose sand, and 1/3 with compacted sand. For each

configuration, the blanket covered1 only 2/3 of the geomembrane surface to assess the
.. geotextile efficiency. The loadmg consxsted of a 51,477 1b truck which passed over the soil
- at 5 km/h. to simulate constructron condmons the truck stopped and started | many times.
After the application of stress, the geomembranes were exhumed and ‘the densrty of the
- soil measured at different locations,

. The number of holes and deformatlons on the two geomembranes wete determmed and
. then analyzed to evaluate the drfferent parameters of the puncture effects. For sand
bedding with a blanket it was found that in both cases the geomembranes were capable of
withstanding the load. It was also shown that dlsturbances in'the sand due to footprints
made durmg installation were not detnmental to the geomembrane survrvablhty
. For the sand and gravel beddmg w;th a blanket the results showed the presence “of many
. holes and _pressure “points, 1ndtcatmg that in these condmons this’ type of bedding is
inappropriate and should not be used Moreover results from other studies conﬁrmed the
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same observations. In this configuration the gravel acts as a hard point, while the sand acts
as a matrix compressing the gravel against the geomembrane, thus deteriorating it.

At locations where the geotextile did not cover the geomembranes, results showed that
more holes and pressure points appeared, proving the efficiency and the necessity of the
geotextile. The two geomembranes yielded the same results when well protected, but
when gravel was used in the bedding, HDPE showed its superiority. Therefore, the 40mil
HDPE is more adequate than the 30 mils VLDPE geomembrane in such conditions. It was
proved that the most critical mode of loading is the stop/start action of the truck, which
increases puncture stress at the geomembrane level, even with a geotextile blanket that
decreases the puncture stress.

Darilek et al. (8) paper presented the effects of the: installation of protection soil over a
geomembrane during the construction of a landfill. This study is very interesting since
liners are sensitive to the emplacement of a protection soil cover or gravel damaging the
liner. The liner was composed of a 900 mm layer of compacted clay, 2mm HDPE
geomembrane, 300 mm of gravel, a 2 mm HDPE geomembrane, a layer of geogrid and
geotextile, another 300 mm of gravel, another geotextile, and finally a 300 mm layer of
sandy clay.

To assess the damage caused by the installation of the gravel, an electrical leak location
survey (composed of 12 leak locations) was carried out before and after the emplacement
of the gravel on each geomembrane The role of the gravel is to serve as a drainage
medium to evacuate hypothetlcal leaks above the primary liner, and for a leak location
system above the secondary liner.
The electrical leak detection system is based on the insulation properties of the liner
" materials and the conductxvnty of the water, thus when a leak exists the electrical current
~ goes through the liner carried by the water conductivity. This method is accurate to locate
leaks even as small as pmholes
~ After the geomembrane is installed, an electrical leak survey is used to assess the leak in
the geomembrane before the gravel installation. Several leaks were ‘detected, most of them
in the extrusion welds, but the largest ones were due to punctures and slits in the liner
panels. These leaks were related to improper seammg and installation of the
geomembrane.
Before the installation of the gravel, a test was carried out to assess the deterioration
caused by a bulldozer on the geomembrane. This test took place outside the landfill with a
geomembrane layer covered by a thin layer (2.5”) of gravel. A bulldozer drove over it and
executed sharp pivot turns. No leaks were detected even though some marks appeared on
the liner. However, it was mdlcated that a minimum layer of 12” of gravel should separate
the geomembrane from the bulldozer.
Special care was used to place the gravel: a sacrificial sheet of liner was placed on the side
 slope to create an access ramp, a geofabric, plywood sheeting, and timber were also used
to protect the geomembrane from installation damage. First, the slope was covered by
gravel, and then two bulldozers scraped the gravel in the central section of the landfill by
monitoring the minimum 12” of gravel layer. When the gravel was installed, one bulldozer
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“ passed by the ‘ramps, then the ‘excessive’ amount of gravel in the ramp was ‘taken out;
- finally, the last bulldozer was towed out on plywood in neutral gear.

" After installation of the gravel nine leaks were detected electrically. These. ﬂaws, created
during gravel installation, varied from pinhole size to 64 mm gage. Moreover, it was

P 'hOticéd that a concentration of these’leaks happened to be near the emplacement of the

temporary ramp. No leaks were detected on'the primary liner; this is due to the utilization -
““of géogrid and geofabric to protect the geomembrane, thus preventing damage. The study
* proved the efficiency and necessity of a protective layer, especially when heavy bulldozers
are used to set the gravel. The efficiency of the electrical leak detection system was also
proved Finally, the quality and conscientiousness of the installation team was shown to be
“an 1mportant factor in the ehmmatlon of mstallatron damage :
Reddy etal. (9) used various field testmg procedures to evaluate the eff iciency of dlfferent
protectwe cover soils. Two kinds ‘of gravel were used (fme -and medium), :with the same
geomembrane (a 60 “mil HDPE).- The :geotextile was ‘a non-woven needle-punched
 polypropylene; two bulldozers (one light CAT D4 and one large CAT D7) were placed on
" the -gravel. ‘Before installation the geomembrane -was :inspected to detect: hypothetical
flaws. Then the entire liner-was constructed in accordance with the real configurations.
The constructlon procedure was identical to the real one (especrally for the bulldozer
work) A EUCLINS -r(w.:,, it . ) -

“First,: the dlfferent sonls were tested before and after the constructron of the lmer it was
‘found that there were no significant differences between the “before” and “after”

1 " indicating that the properties of the'soil were not modified by the liner construction.

- ‘Then; to assess the effect of theiconstruction’ on the geomembrane, different tests were
performed- on’ the geomembrane !before “and after construction.. The : water vapor

transmission i test (ASTMi'E - 96) *was 'used for: permeability’ evaluation: of the

- geomembranes. The larger the transmission values, the more the damage. The results
" * " showed no significant change between the virgin and the exhumed geomembranes for the

different configurations,-indicating -that the ‘geomembrane is marginally’affected by the
constructlon of the lmer for the range of studied conﬁguratlons

i "1‘::." ,.,‘.htt.. ' BN | .

Multraxral tension tests- (ASTM D :5617)-were.also. camed out It 'was shown that the

‘average geomembrane tensile stresses from ﬁeld specxmens were approxrmately equal to .
“the values for a virgin geomembrane. . i - 5

Exhumed Geomembranes used wrthout geotextlles showed shghtly hlgher tensrle stresses
“'than'the’ virgin ‘geomembrane.: The ‘geomembrane with the geotextile ;showed a: slightly

: lower tensile stress than the virgin :geomembrane:- However, the results of elongation at

* " failure showed significant ‘differences’ from.one protection configuration to another. The

-elongation at failure decreased with “increase of the soil particle size and use of a heavy
" -bulldozer, but in the case of a protected geomémbrane, the specimen elongation, at burst,

"“increased 51gmﬁcantly to a value larger’than that for a v1rg1n geomembrane, thus provmg
the efficiency of the protecting geotextile.:« - - .- S I
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The last series of tests. consisted of wide strip_tensile. testing (ASTM D 4885). It was
shown that the geomembrane's yield stress under the different configurations is almost
equal to that of the virgin specimen. Moreover, the specimen yleld stress and strain were
not affected by the configuration.

However, all the geomembranes failed at a lower value than the virgin geomembrane with
smaller difference for the protected geomembrane. It was also noticed that all unprotected
geomembranes suffered scratches and dents, but no tears or holes were found. Finally, it
was concluded that the use of a geotextile greatly increases the protection of the
geomembrane. : -

Koemer et al. (10) assessed the installation damage of different geosynthetics products
under two different backfills. The first backfill was made of angular, poorly graded gravel,
while the second was composed of poorly graded sand. Six different geotextiles and one
geogrid comprised the materials tested. Their properties were determined before and after
installation. For each of the two sites, the specimens were placed and installed as part of
the regular construction. After installation, the specimens were exhumed and tested. The
- results showed that. the geosynthetics placed over the angular.backfill suffered severe
damage while those placed over the sand were not so affected.

The geogrid in the first case was less damaged than the other geosynthetics, while in the
second case no visual damage was found on the geogrid. The heaviest geotextiles were the
least affected in the first case, in the second case no holes were found on the geotextiles.

These results prove the influence of the backﬁll effects on the installation survnvablhty of
the geosynthetic products. The authors also defined a factor—of-safety expressed as the
inverse of the percent strength remaining in the wide-width test (ASTM.D 4595). These
factors ranged from 1.4 for the geogrid to 4.3 for the thinnest geotextile. ,

Geotextiles can suffer damage during the different stages of their lives, but it is during the
compaction that they are exposed to the maximum damage

Billing et al. (11) assessed the mstallatlon damage of dlfferent matenals (polypropylene
P1, polypropylene P2, polyester, polyester strip, and polyethylene grid) for three different
backfills (a well-graded crushed limestone, a uniformly graded quarzitic sand, and a silty
sandy clay). The damage was caused by compaction of aggregate. layers over the
geosynthetics. Then, visual inspection and mechanical tests. provided information on the
behavior of the different materials versus the backfill type. The visual inspection indicated
- the damage caused by the aggregate. The rib is the most sensitive part of the geogrid, also

- - different types of damage were seen on the geotextiles.- The mechanical tests showed

reduction in tensile strength for different materials, ranging from 7% for the polypropylene
P1 to 36% for the polypropylene P2. Creep tests showed no change in the creep rate; even
though the damage caused a reduction in the initial strain. This study agreed with expected
behavior, and reinforced the findings of other studies, proving that the more angular the
backfill, the more the damage.
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3.3.5 Parameters influencing puncture resistance and installation damages

*The different parameters that affect the puncture resistance of landfill liners are as follows:

diameter of the contact area between the geomembrane and the puncturmg object
thickness and tensile properties of the geomembrane . . ~
angularity and size of backfill particle

- weight and type of construction and compaction equipment . = - : - TRl

type of material comprising the liner (wexght thickness and mechamcal propertles)
overburden weight of waste "', ST
quahty and conscxentlousness of the' workers = S

oot .
TGN : . Vit
e

3 3 6 Deszgn and constructzon of the Jrotectmg layer o AR
.- To protect the geomembrane lmer, the protectlve liner should meet the following
spemﬁcatxons ..

.....

prevent the geomembrane from tearing, bursting, and puncture 1mpact
serve as a drainage system for the landfill leachate '

w1thstand landﬁll constructlon (1 e. waste placement closure) w1thout deformatlon

Y .77 STt
N ."l~..‘~ PP PR

. In the Umted States, several problems ex15t conceming the protectmg layer, as mentloned

by Reddy et al.(9) and explained below: - C S

" no construction procedures ex1st

the type of soil that can be used is not expllcxtly defined, hence local matenal tends to

" “be used, even if the properties do not match the specifications

no specific rationale has been defmed to determine “the effectwe thlckness of the
protective liner -~ - - e T . A

* Ruetten et al. (12) presented a method for the designing of liner protectlve soil cover by
using geotextile and soil layers. SRS -
A step by step explanatlon of the design is provided below

- Identification "~ of - ‘foundation® “conditions = and -: physwal propertles of the
geomembrane/geotextile, which comprise the liner.”
Determination of the 'availability: of -the : material" in-alocal reglon Tthe cost is an

.- important factor during this phase "The drainage material may consist of elther a single

material, or composition of several materials or a geotextile layer. -

Determination of the material physical properties (grain size dlstnbutlon permeability,
soundness, and shear strength), as well as chemical compatibility to the leachate.
Determination of the possibility of waste migration to the granular material voids. The
nature of the waste must be estimated.

Analysis of constructibility and puncture resistance. A protection layer should be
placed over the geomembrane to limit point pressure, support construction equipment,
and limit rutting. To ensure and verify the proper design, a field trial is advised. During
this trial, pressure is applied by the action of a bulldozer, then tests such as multi-axial
burst, help to determine the geomembrane survivability. Based on the results of these
tests, material must either be discarded or protected by a protective layer.
Determination of the side slope stability of the protective cover.
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The different materials that can be used in protective covers are as follows: geotextile,
gravel, composite layer of different gravel, sand-filled geotextile, gravel-filled geotextile,
geosynthetic clay liner, and concrete-filled geotextile.

The sequential steps for the installation of a protecting cover are listed here for the case of

only one impermeable geomembrane:

- geomembrane liner is placed over compacted clay

- geotextile is placed over the geomembrane

- protecting cover soil is dumped on the geotextile; bulldozers spread the soil over the
entire surface for a specific thickness.

The placement of the geomembrane liner should be effected between 40°F to 104°F. It
should not be placed during precipitation, excessive moisture, or excessive wind.

The placement of the geomembrane should be done as follow (13):

- each panel should be rolled out and installed in such a way that all the seams run down
the slope on the perimeter berms (perpendicular to top of slope)

-+ the geomembrane rolls should be placed using the correct spreader and rolling bars
with cloth slings

- each panel should be inspected for damage or defect before seaming, defected panels
should be automatically replaced

- the geomembrane sheet must not be dragged over the rough soil sub-bases

- the geomembrane should be anchored according to the manufacturer’s
recommendations ,

- workers should not smoke, wear damaging shoes, or act in a manner-that can damage

"~ the material

- edge of the geomembrane should be loaded to prevent uphﬁ due to wind

- no debris, tools, or unexpected objects should be kept on the geomembrane the

- geomembrane should be neat in appearance :

- vehicular traffic should not be permitted across the liner

- a scrap geomembrane sheet should be placed under each equipment necessary for the
liner construction to prevent damaging the liner

- equipment should not remain on the liner overnight
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Figure 22: Cross section of single composite aniI double éomposite_ llim_z"rs_ (9)'

. Fig. 22 presents the cross sections of typical single and double composite liners.

During these steps, special care must be taken not to dam:ige the geomembrane, especially
due to the heavy equipment used to place the protecting cover soil. To minimize risks of
damage, machines must not be driven directly over the geotextile, and a minimum
thickness of the soil must always be maintained between the geotextile and the wheels.

Large aggregates are used as backfill material (14) to prevent clogging of the drainage
system, which occurs when fine aggregates are used. However, the large aggregates
increase damage to the geotextile and geomembrane used in the liner system.

3.3.7 Values of tests results

In his literature review, Allen (15) listed the survivability levels of different liner conditions
(see Tables 10 and 13), he also gathered results from previous studies conceming
installation damage on material properties (see Table 12) and mdlcated factors of safety
(see Table 11).
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Table 10: Survivability Levels for Slope and Wall Application (15)

Type of
Compaction
equipment

Backfill

Characteristics

Initial Lift thickness (cm)

<15 15 to 30 >30

Tracked
equipment

Fine to coarse,
sub-rounded
silty sand

" Low Low Low

Well-graded

‘sub-rounded to

sub-angular
sandy gravel
(75 mm minus)

Moderate Low Low

Poorly graded
angular gravel
(75 mm minus)

Very High High Moderate

Full size steel -
roller or rubber
tired equipment

Fine to coarse,
sub-rounded
silty sand

Moderate Low Low

Well-graded
sub-rounded to
sub-angular
sandy gravel
(75 mm minus)

Moderate Low

High

Poorly graded
angular gravel
(75 mm minus)

Not
Recommended

Very High High
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Table 11: Partial Factors of Safety i&A{EEéﬁiit for Installation Damage (15)
’ LS L
Geosynthetic | Geosynthetic” | Geosyiithetic | Range of Safety Factor -
Polymer’ " Type | weight(g/m®) |~ “High' " Low.
. l N ¢owa 70| Survivability Survivability
" Nonwoven $<270 0 |0 2.0 115
o ' S S 1.8 1.05
PP and HDPE Woven 7’| 1<270 TS5 12
. : ‘ :>270 14 1.1~
Grid All weights ’ ‘14 1.0 .
o . 'Nonwoven 1<270 32 1.25
e } P >270 1.8 1.1:
~Woven . [ <270 7 ?
. o is270 | 22 1.4 -
i Grid .| All weights’ ? 7 .

Table 12: Effect of Installation Damage on Strength, Strain, and Modulus (15)

Study Geosynthetic Type Undamaged | After Installation
: strength Strength Failure 5%
(Kn/m) retained strain Secant .
retained modulus
Retained
Allen (18) PE geogrid 76.4 73 % 70 % 95 %
PE geogrid 94.2 68 % 63 % 102 %
PP slit film woven 31.0 60 % 64 % 97 %
PP stitch/bond woven 62.0 77 % 8% 101 %
PP stitch bond/woven 92.3 88 % 75 % 122 %
. PETP multifil. woven 186.3 60 % 61 % 115 %
Watts and PP woven 190.0 64 % 67 % No change
Brady (19) PP woven 46.1 46 % 55%
PETP woven 187.9 35% 50 %
PE geogrid 53.9 87 % 75 %
Troost and PETP multifil. Woven 150.0 46 % 85% .
Ploeg (20) PETP multifil. Woven 400.0 65 % Not 90 %
PETP multifil. Woven 600.0 75 % reported 94 %
coated PETP geogrid 55.0 82 % 103 %
Viezee et al. PETP multi. yamn 77.8 81 % 77 % 100 %
(21)
Elias (22) PETP nonwoven needle 48 54% 67 %
PETP nonwoven needle 17.7 21% Not 33%
PETP nonwoven needle 9.8 25 % reported 33 %
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PP slit film woven: | . 33.6- 20%: 37%
PP woven monofil. 48.5 34 % 61%
Leclerqetal. | PETP nonwovenneedle. ||  13.1 77 % M % '
(1990) " PETP nonwoven needle 41.9 92 % 75 %
PETP nonwoven needle '
w/PETP grid 284 | 80% 72 %
PETP nonwoven bonded 5.3 ' 95% 84 %
PETP nonwoven bonded 124 92 % ..85% Not
PETP nonwoven bonded 17.7 88 % 87 % reported
PETP multifil. Woven 115.2 70 % 82 %
PETP multifil. Woven 158.7 65 % 83 %
PP slit film woven 214 87 % 101 %
PP slit film woven 37.8 - 88 % 81 %
PP slit film woven 40.8 | 8% 90 %
PP slit film woven 96.3 91 % 99 %
PP monfil. woven 55.0 78 % 78 %
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Table 13: Survivability Level for

Al '

Separation and Embankment Application (15)

Subgrade preparation Low ground-pressure Medium ground- High ground-pressure
~‘conditions: ° | equipment(<27kPa), | pressure equipment ‘| equipment (> 55 kPa),
15-30 cm initial lift (>27 kPa, <55kPa), *| °15-30 cm initial lift
15-30 cm initial lift
Subgrade is smooth and “ Low Moderate High
level
‘Subgrade has been o S
* " cleared of large - © ‘Moderate -High ' - Very High
obstacles ' T Co
| Minimal site preparation |~ " ‘High Very High " Not Recommended
is provided C -
Medium ground High ground pressure
-Type of cover Material pressure equipment | equipment (> 55 kPa),
S (>27kPa; <55kPa),’| 30 cm initial lift
30 cm initial lift
| Finesandto2”minus | '*" "“NA ‘ Low ~ - Moderate
gravel, rounded to s ' o
subangular .
- ~Coarse angular e Sk
aggregate with diameter
. up to one-half lift N/A ‘Moderate High
* thickness, may be et
' angular e
Some to most
aggregate with diameter
greater than one-half lift N/A ~ High Very High
thickness, angular and

sharp-edged, few fines

3.3.8 Conclusions

1) Through these studies it clearly appears that the use of a protecting layer (a single
geotextile or a heterogeneous layer composed of layers of different materials), will
significantly decrease the damage to the geomembrane during the construction of the liner,
as well as during its service life.

]

2) Stiffer geomembranes possess better puncture resistance than flexible ones.
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3) To obtain an approximate estimate of a liner system made up of liners of different
materials, the puncture resistance of the different components should be added.

4) Most damage occurs during the compaction of the gravel, especially during the stop-
and-start process of the heavy equipment.

5) The creep properties of geomembranes and geotextiles are not affected by installation
damage.

6) The angularity and size of the backfill is of paramount importance for the puncture
resistance of the layer, the more angular the backfill, the more the damage. However, if
using round stone, the designer should be aware of the bursting possibility. -

7) Thick and heavyweight geotextiles will provide a lot more protection than thin
lightweight geotextiles.

8) The scanning method used by Wemer and Puhringer (6), as well as the electrical leak
detection system used by Darilek et al. (8) are efficient and accurate.

9) The different failure modes associated with puncture and installation damages are
marks, pinholes, large-scale splits, and tears.

10) Guglielmetti et al. (16) evaluated the installation and construction survivability of
geomembranes used for landfill caps, and showed that truck loading caused more damage
than low-ground pressure bulldozers.

11) The damage induced by construction affects the breaking strength properties, but not
the yield properties (17), as yield properties are mostly functions of the resin densities,
while the breaking strength properties are mostly functions of the flaws present in the
materials. '
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3. 4 Seams

oo :u:l‘“ S RNY SR AT : Lo

--The purpose of seammg is to join the different geomembranes formmg the liner to prevent
leaks between sheets. Seaming consists of joining geomembrane sheets by reorganizing the
surface of the polymer structure :in a specific manner. The sheets are bonded either by
.-.chemical or thermal process, for certain processes such as extrusion: seamrng, -an addition
. -material is required (1).© . - i C e -
.Theoretically, the properties of the sheets and the seams should be 1dent1cal w1th no loss of
.-tensile strength.*However, differences between the seam and the sheet properties have
-.been’ noticed - for. almost’ every type rof :seam. . These drfferences .are due to stress
concentrations resulting from seam geometry. The seam characteristics are functions of
the seaming technique, seam geometry, geomembrane resin and residual stress in the
seams.’ - - A LT N Lt A ~ Sine el T

l 0 ~'.-|. v S

3 4 ] Dz[Zerent seammg technologzes e o : : ~
Currently, seven different techniques are used (1), they are categonzed erther as thermal
-or chemical processes. The seven techniques; presented in Fig. 23, are thermal extrusion: -
fillet and flat, thermal fusion: hot wedge and hot air, chemically-fused:- chemrcal and
bodied chemical, and chemical adhesive. :

- Thermal extrusion (welding): - wo : . .
ThlS technique is only applicable to polyethylene matenal A nbbon of molten polymer is
-extruded over the edge of, or.in between_, the two surfaces to bond. The hot-extrudate

 ~-brings the two ‘sheets to the melting temperature, then the sheets join together while

- cooling. When the extrudate is placed over the leading edge of the seam, the technique is

-:called extrusion fillet,’and when the extrudate is placed between the two sheets, it is called

: extrusion flat. Extrusion fillet is the:only. technique allowing the seaming of polyethylene
patches and seaming in poorly accessible area$ such as sump bottoms’ and around pipes.
--:Temperature is a very.important factor.in ‘order to obtain a proper seam. Effectively, too
much melting weakens the geomembranes, while too little results_in an inadequate flow
across the seam interface, and in poor seam strength Pressure, seammg rate, and
geomembrane resin are also very important factors Cal e

To prepare sheets for extrusion fillet seams, it is necessary to grind the upper sheet to a
45° bevel, when the sheet is greater than 60 mil thick. While grinding, special care must be
taken to insure-that grinding is done in the -direction perpendicular to the seam thus
reducrng the possrbxllty of initiating cracks. Excessive grinding has been recognized as an
important cause of geometry default causing stress cracking. The purpose of grinding is to
remove the oxide layer and waxes from the surfaces and to roughen the sheets. The
grinding depth should range from no less-than 5% to no more than 10% of the sheet
thickness. To avoid the recurrence‘of surface oxide, the grinding-should be done less than
10:minutes before the seaming. Aﬁer seaming, it is important to verify that no puckering.
(sign of excessive temperature or too slow rate of seaming) appears, and that the grinding
marks do not exceed 0.25” beyond the extrudate
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. ’mermal fusion: -

The techniques using thermal fusion involve the melting of a pomon of the mating
surfaces. The hot wedge or hot shoe method uses an electrical heater resistance, featuring
a wedge shape, which moves between the sheets, thus seaming the two geomembranes. As
the surfaces melt, shear flow occurs across the upper and lower surfaces of the wedge. A
roller to form the final seam applies the pressure needed-to create a strong bond. This
technique allows the creation of either’single uniform width or dual seams. A dual seam is
constituted of two parallel seams with a uniform unbonded space between them. This
space can be extremely useful to assess the seam quality; leaks can be detected by pressing
this space. No grinding or brushing must be used, the sheets must not be tacked since the
wedge moves between them. :

The hot air method uses a heater, a blower, and a temperature controller, to blow hot air
between the two sheets to melt the opposing surfaces. After the hot air is introduced,
pressure bonds the surface. This technique allows the creation of single or dual seams.
This method is used for a pre-seaming process, tacking the surfaces before the final
seaming. For the extrusion welding, temperature, pressure, seaming rate, and material are
of primary importance to create a proper fusion seam.

e Chemical fusion:

Chemical fusion is induced by applying a liquid chemical agent between the sheets. Then
. after a few seconds, pressure is applied bonding the two surfaces. Too much chemical will
weaken the sheets, while too little will yield a poor seam. Bodied chemical fusion seams
are identical to the chemical fusion seams with the exception.that a small percentage,
ranging from 1 to 100: %, of the geomembrane resin is. dissolved and added to the

* .chemical agent, thus increasing the working time as well as causing an increase of

viscosity for slope work, preventing runoff of the chemical. The chemical adhesive process
consists of applying a dissolved bonding agent, different from the geomembrane material,
" to both the mating surfaces; then a roller applies pressure to bond the assembly. Two
distinct approaches exist: the solvent adhesive and the contact adhesive methods.

Fillet type Flat type

~ 1)Extrusion seams

. Dusl hatwedg Single hot ai
- Dual hot wedge : ngle hot air
{single rack is also possible) {double track is also possible)
2) Fusion seams "
pim— : T —

Solvent fusion . B Bodied solvent fushion

3) Chemical solvent seams
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Solvent adhesive Contact adhesive

iy

4) Chemlcal adhesrve seams”

F igure 23: D(ﬂ'erent 1echmques of seammg (I 6) o

o G [

‘ ,For each of the prev10us techmques, a mmlmum and maxrmum overlap'of the sheet is
Arequlred whlch may vary from 3 to 6 mches after seammg Pnor to seammg, the

must be made during ramy, SNOWY; 'frozeni soil or hot temperature condttlons The sheet

.. temperature during seaming must be above 40°F and below 104°F.

- Table’ 14 presents the compatlblhty between seammg technlques and resms -1t can be seen

| . that certaln techmques cannot be used with any type of resms, ie. HDPE cannot be
~ seamed using solvent fusron or adhesrve techmques . o

et e
t

Table 14 Compatlblhty Between Seam Techmques and Resms (17)

J.ug-.!gl-..q' VI

Type of Seaming Type of Geomembrane

' 7" Method " " | HDPE | VLDPE | PVC | CSPE-R ['EIA-R | LLDPE |*'PP | FCEA
“Extrusion © A | AVII'NAY| NA | NAY|l A A N/A
(fillet and flat) 1 - - A IS IS
Thermal fusion A A A A A A A

- (hot wedge and hot | '
au_) : ' IR FRA . v i B EAN
Solvent fusion .. | NA | NA | A A ] A | NA | NA
(solventandbodned I ST e - N ]
solvent) = - | S R ERERREEY I : R R
Adhesive | | N/A NA" | A A AT N/A | N/AY
. (solvent and contact) o ARt AR S L B

. .A=Available, N/A-Non-avarlable . - S T

RS B

The hot wedgé fusroh' seam"’n'lethb'd‘“fea'tures more advantages’ since; unlike other

-1 .techniques, it can be used to seam all thermoplastrc geomembranes. Moreover the wedge
... temperature, mp Toller pressure and the 'seam’s speed are adjustable 1mplymg that
. dependmg on the seammg condltlon (weather sheet temperature time of the day, etc.) the

operator has the possibility to adJust ‘these features to ‘obtain and maintain proper and
identical seams. The different techniques have been described by Landreth (1). -

<. -, The surfaces to be bonded must be clean; grinding can be used to clean—up the sheet, but
e ,'specral care must be taken’ smce excessrve ‘grinding will create’ grind marks reducing the
.. ..sheet thickness and possrb]y 1n1t1atmg cracks In order to easé the fabrication of seams,

. surface preheatmg is recommended especrally in cold weather Hot a1r can be used to

PR SR .

;_ ':‘.preheat the sheet to a temperature rangmg from 90 to 1 10° C ' T

. N
ot

. P : .
v . ~ L h
.- : B P Y N

63




3.4.2 Tests of double track fusion seams and effect of wedge geometry and roller
pressure ‘ '

Thomas et al. (2) evaluated ten double track fusion seams made with two different types
of wedges and drive wheels, and five different resins. Peel separation and strength, shear
elongation at break and, strength, optical microscopy, impact resistance, and stress
cracking resistance were the tests performed. Peel and shear testing provided pass or fail
information, while impact and stress crackmg tests enabled the classification of
geomembranes according to their seams quality.

Impact resistance testing was done by following the draft Canadian standard method
CAN/CGSB 148.1-113 (modification of ASTM D 1709) A specrfic weight is dropped
from a known height causing fracture of the specimen. The energy to cause rupture is
determined by the height and weight, before testmg the specimen, which has been frozen
for 21 hours at -40°F. The stress cracking test is a regular NCTL test (see stress cracking
chapter). Different geometries had different impact properties implying that the resin and
welding processes affect the seam response at cold temperature.

" No seams showed fallure from the peel and shear tests. It appears, from the mlcroscoplc
- photographs, that the shapes of the welding zone are controlled by the shapes of the
wedge and drive wheels, and are different for each type.

The stress cracking test showed that breaks were initiated at some types of crack initiation
sites (corroborating the results of the chapter concerning stress cracking). The sites are at
the edge of the seam near the root of the squeeze-out bead. The results of the stress-
cracking tests were extremely scattered, distinguishing the good from poor stress
cracking-resistant geomembranes; moreover, they showed the effects of resin and wedge
geometry. First, for the same wedge geometry, the results varied from 3 to 283, proving
the” importance of the use of a proper resin; then for the same resin, values varied from
283 to more than 3300, identifying the importance of the wedge geometry. All the seams
used with the second wedge were at least three times more resistan;.

It was concluded from the different tests that the peel and shear tests are not suitable for
. seam . evaluation, since the stress-crackmg ‘phenomenon is not considered. Wedge and
roller geometnes affect the quality of fusion seams. Impact and stress cracking tests are
very useful to assess seam behavior.

. 3.4.3 Peel and shear tests

A liner is composed of different sheets (bonded together by seams) formmg an entire
system. In order to obtam a proper system (no leaks or failures), every single seam should
transfer tensﬂe forces without shearmg and peelmg The peeling phenomenon has often
been described as non-existent in liners, however Peggs (3) proved that it may appear at
edges of wrinkles, which often align along the more rigid seams due to different causes.
Peeling occurs when a geomembrane is dragged on a soil subgrade, or when soil is spread
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against the seam overlap (3). It also occurs when shear stresses occur as the seam rotates
to align the two geomembranes (4) N - : SR

“The main séam tests are for ipeel,ﬁFxg. 24b, and shear strengths, Fig. 24a, however the

. elongations should also'be evaluated.iThe ‘reason of this is that the failure .may occur

outside the seam (FTB) due to improper welding either by excessive grinding or by
overheating (3).

F tgure 24. Shear (a) and peeI (b) tests (4)

Overheatmg increases the probabllrty of ‘stress crackmg adjacent to the membrane due to
consumption “of the- protectlve antloxrdant and increase ‘of oxidation and crystalllmty

Overheatmg may cause stress concentratron notch geometnes '

\',’E‘- . . [

While opening in a peel mode, crazes may ‘occur in an mcorrectly bonded geomembrane
reducing the stress cracking resistance (up to 70%). In the.shear strength test, failure
ruptures will always occur in the ad_]acent sheet and not in the seam (3), since the seam
bond is-a lot stronger than the sheet- (1000 ppi versus 2000 ppr) Therefore it is not
possrble to get mformatron on the seam strength

- If the seam is over-ground it w111 fanl w1th a low strength ‘value and-a’ low elongatron
‘value, while if overheated, failure’ will- occur with ‘a high strength and low elongation.
Thus, only a low elongation identifiés both conditions (3). This implies that only the shear
elongation test should be used, or at least taken into consideration. Shear: elongatlon
i should exceed 100% of the dlstance between the edge of the seam and the nearer gnp
* The prob]em dunng the shear strength test- also occurs in the peel strength the rupture
will always occur in the sheet since the' bond is stronger therefore, no information on the
" seam' is 'obtained. The “peel separatron test ‘is the ‘most: effective since ‘it ‘provides
information on the minimum requrred ‘criterion for bond strength (no separation), and the
- effect of welding on the adjacent geomembrane (no loss of ductility) (3). Therefore, while
- evaluating - a geomembrane only the peel test rs sufﬁclent to prov1de the required
information. e e _

For geomembranes made of materials: different from HDPE the peel resistance is about 1
“ t0 3-kN/m, while' for tensile strength”the resistance is about'4 to 70 kN/m, and shear
* resistance is about 80% to 90%of ‘the tensile value. This implies-that the seam is the
weakest point for the geomembrane. However, for HDPE geomembranes, resistance to
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peel and shear is at least equal to the tensile value of the sheet, implying that the rupture
will more probably occur in the sheet than in the seam.

Heavily reinforced geomembranes are more weakened by peel than unreinforced
geomembranes (4); and to prevent this, the seam width should be greater for heavily
reinforced geomembranes than for light reinforced one.

Carlson et al. (11) presented the results of more than 74,000 HDPE geomembrane seam
tests. The seaming techniques used to bond the sheets were extrusion fillet, extrusion lap,
single-track hot wedge, and double-track hot wedge. The common seam tests; shear and
peel were used to assess the seam properties, and the notched stress rupture tests to
evaluate the effects of seaming on geomembrane sheet properties. During peeling, crazes
appeared at the unbonded surfaces; crazes are the precursors of cracks. Therefore, it is
- very important to consider peel while designing the liner. The peel test is extremely useful
since it is the only means to evaluate the uniformity of adhesion between geomembranes.

The shear strength test does not provide -information on the seam itself, since barely no
seam failure occurs for HDPE material, but it provides the elongation in and adjacent to
the seam. If the elongations in the seam and in the sheet are almost identical, the seam area
has not been altered. Different values of elongation imply an alteration of the seam area,
probably due to incorrect seaming procedures.

3.4.4 Impact resistance test
An interesting test procedure has been developed and described by Rollin et al. (5), to

evaluate the impact properties of seams, which mainly depend on the sheet thickness and
quality of the seam. This Canadian procedure is a modification of ASTM D 3029:
“Standard Test Methods for Impact Resistance of Rigid Plastic Sheeting or Parts by
Means of Tip (falling weight)”. The impact resistance test provides information on the
seam’s brittleness, a predominant factor in the long term behavior of HDPE lined facilities
(6). . o

Prior to doing impact testing, the authors first determined the two moduli characterizing a
HDPE geomembrane: modulus of elasticity and secant modulus at different locations near
the seams, by trimming and testing dumb-bell specimens which provided these values for
the adjacent sheet. It was concluded that both moduli were higher near the seams
- enhancing the sheet rigidity. However, the results did not allow the identification of brittle
seams. Thus, this test is not sensitive enough to evaluate brittle seams.

The impact test apparatus consists of a vertical steel pipe, a seam specimen holder, and a
metallic mass. The weight of the mass and falling distance provide the impact energy. As
defined by Rollin et al. (7), the impact resistance is the average energy, Wso, necessary to
fail 50% of the tested specimens.

Two methods can be used: the Probit and the Bruceton Straircase methods. The first
method consists of the grouping into many sets, an equal number of specimens (20 to 40)
selected at random locations from the seam, and testing each set at a specific different
energy level.
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The Bruceton Straircase method consists of determining Ws, (average rupture energy) of a
randomly chosen specimen by increasing the mass of the falling weight. This procedure
was used by the author to test more than 700 specimens. The seams were made by two
different welding techniques: hot air (single and double seams) and wedge double seams.
All seams were made at the same temperature 23° C for the sheets and 400° C for air and
..-wedge. However, in .order to- assess -the effect .of incorrect manufacturing (overheating,
incorrect pressure), different welding speeds were used. Two other sets were made with
~ high roller pressure (high pressures are expected to cause brittle seams). -
Seams made with low speed had low impact energy, which was expected since low seam
speed implies overheating, leadmg to poor performance. The seams made with high
* pressure also had lower impact encigy, implying that high applied pressure causes brittle
seams. A microscopic analysis showed that rupture is always initiated along the edge of
... the seams in the top sheet. The results proved that a highly bnttle seam would break with
" low energy.
Hot air-produced seams were tested at different temperatures ranging from —-10° C to 21°
'+C; ‘the seams- become more: brittle *with" a: decrease of temperature, however for

b temperatures higher than‘10° C, the seam behavior was constant.” - - . . -

The thickness plays an 1mpoxtant role since a ‘80 mils thick sample requires approxlmate]y
: two times ‘more :energy to fail -than a ‘60 mils ‘thick sample:(95 Joules:against 47 J).
- However, the rupture level is the same for single or double seams, proving that both types
: behai/e in an identical manner. The different results from the testing proved the importance
* of -correct equipment calibrations; like- weldmg speed temperature and roller: pressure
and also the effects of sheet thickness:" SRR D A L

The notched stress rupture test was used for seamed and unseamed sheets, to enable the
companson of the different values. The test procedure was identical to the test procedure
-‘used for the NTCL  test (test- descnbed in the stress crackmg chapter) except that the
specnmen was seamed, see Flg 25 ot E e
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Figure 25: Notch location on a double track fusion seams for a notched stress rupture test (11)

The results of these tests did not show consistent differences between specimens with and
without seams. This is probably due to the special care taken by the manufacturer to seam
the sheets. Nevertheless, it was impossible to determine if the non-seam effect was due to
the improper test method, or if there were really no differences. However, this test proved
that HDPE seams could be used without altering the sheet properties, when processed
with care. The rate of crack growth may be multiplied by two for the specimens; this is
due to the differences in the resin and seaming:techniques. It appears that single-track
extrusion lap seams were the most susceptible to failure, while the double track fusion
seam had the lower rate of failure.

3.4.5 Effect of temperature and freeze-thaw cycles

The effects of freeze-thaw cycles on geomembranes seams were evaluated by Lafleur (8),
The results of his study showed no reduction in the seam shear strength. Comer et al. (9)
also carried out freeze-thaw cycle experiments on geomembranes and seams. Different
resins (PVC, HDPE, VLDPE, etc...) were seamed with different seaming techniques such
as chemical, hot wedge, fillet extrusion, and dielectric. The study was divided into three
parts in order to assess the effect of freeze-thaw cycling, cold temperature, tensile strains,
and temperature-induced cyclic stress on the geomembranes.

In the first part, specimens were submitted to freeze-thaw cycles at —20° C for
approximately 16 hours and tested at room temperature (20° C). In the second part, the
specimens were cycled the same way but tested at a temperature of —20° C. In the third
part, specimens were strained to 25% of their yield or break strength during the freeze-
thaw cycling, and then tested at 20° C. To assess seam behavior, the 25mm strips were
tested in the peel and shear modes.

The results of parts one and two showed that the 1.5Smm HDPE-T seams, CSPE-R
chemical seams, and EIA chemical seams showed strength increases of 10%, 35%, and
15%, respectively in the shear mode. Neither the peel mode nor the shear mode failures
were encountered. In part 3, only the CSPE-R chemical seams showed an increase in
strength. An explanation for this is the seam’s aging. Seams failed during peel tests due to
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- ply delamination (between the membrane ply and the scrim), however, these failures were
not attributed to freeze-thaw but to poorly fabncated seams.
It was shown that freeze-thaw cycles have no real influence on the seam behavior, only a
few (3 or 4) specimens were affected. Colder temperatures had more effects since the
shear and peel test values were higher at —20° C than at room temperature. Finally, the
tensile straining seems to have had no significant effects, this could be due to the stress
relaxation in the materials. This study was restricted to 50 cycles, which is a small number.
Therefore, other tests must be carried out with freeze-thaw cycles of 200 and more to get
deﬁmtxve findings. - e

i

-

Hsuan et al. ( 18) assessed the effects of freeze-thaw cycling on 321 combinations of seams
made with five different téchniques: chemical, hot wedge, fillet extrusion, hot air, and
dielectric seams.
The freeze-thaw cycling was carried out with temperature oscillation ranging from —20° C
to +30°C. Three sets of specimens “Were used: first unconstrained specimens were
~ submitted to 200 cycles, then tested at +20° C, a similar second set was cycled the same
- ‘way but tested at —20° C, while for the:third test the specimens were constrained and
- submitted to 500 cycles and then tested at +20°C. The results of the shear and peel tests
showed no significant changes between the different temperature tests. Also, the values
" were not affected by freeze-thaw cycles.: .

Teye R I oo ! .,
: <Lt !

3 4.6 _Residual stresses in ,qeamembrane sheets and seams - - . 4
Lord et al. (10) evaluated the residual stresses in geomembrane sheets in and near the
..t "seams by the hole drilling method::Dual hot wedge, extrusion fillet, extrusion flat, and hot -
- "air'seams were tested, the residual stresses were assessed at different locations: in the air
- channel for the dual seam,’in the seam tracks, and at difference distances: from the seam
(12 37, 62, 100mm). Values were monitored _]ust after the hole was drilled as well as 30
min. later. Stresses were all compressive, except in the air channel where tensile stresses
~ .. were applied. Values near the seam'and in the sheet were approximately equal, which was
- particularly strange. The -stress magnitude was approximately 10% of the sheet’s tensile
strength. After 30 min., the values decreased slightly due to the stress relaxation on the
material. This test only allows the assessment of the surface residual stress (up to 0.75 mm
deep), but does not provide information on the stress in the material’s core.

3.4.7 Strain concentrations adjacent to the seams
Giroud et al. (12) carried out a complete study on the analy51s of strain concentrations

next to the geomembrane seams;- compared different seaming techniques, and provided
recommendations to_minimize “the’ strain concentration. To enable this study several
assumptions had to be made; therefore, the geomembrane was only subjected to tension
(in a direction perpendicular 6 thé longitudinal direction of the seam). The geomembranes
. were homogeneous (reinforced geomembranes are not included) and the seams were free
to translate and rotate.. ... . : C e
Three different seaming techmques Vrere studled fusmn seams (smgle and double),
extrusion lap seams, and extrusion fillet seams. When a geomembrane is submitted to
tensile strains due to the applied force, thermal contraction, or shrinkage, strain
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concentrations occur adjacent to the seams. At the unstréssed seam location, the two
sheets are in different planes, but when ténsile forces are applxed they tend to align in the
same plane; this alignment is only possible if the seam rotates (see Fig. 26).

Location of maximum
bending strain .
<« [ § ] —>
: lLocauonolmaxknum .

Figure 26: Sheet alignment due to tensile forces (12)

When the seam rotates, bending strains occur in the vicinity of the seam. The bending
strains add to the already present tensile strains, and are amplified by.the strain
concentration factors. The maximum values of bending strain occur at the connection
between the geomembrane and the seam. It was shown that for small angles, about 1 to 5°,
the bending strain ranges from 0.75 to 1.5 times the tensile strain in the geomembrane,
with a stress concentration approximately equal to 2.

This study proved that bending strains are higher in the lower sheet for the extrusion. This
explains why failures often occur in the lower' geomembranes for extrusion fillet seams,
Fig. 28, but no reasons have yet been found to explain why it occurs in the case of the
other techniques.

However, an explanation was found for cold weather, where thermal strains are not .
-uniformly distributed throughout the geomembrane thickness. The thermal strains cause
bending which causes strains that are always greater next to the seam at the upper surface
of the lower geomembrane, Fig 27.

Cold air

Crmut &+ A8, “ e+ &+ AL,
T _\/\[ r

D % —_
'eh-.“‘e"Aen 8;-’80’A81

Relatively warm ground

Figure 27: Strains in an air exposed geomembrane (12)
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AP /Qppergemembme -

' \Lower geornernbrane _

Figure 28: Failure occurs in the lower sheet (12)
" Fusion seams cause low maximum bending values; for a 1 mm geomembrane seamed by
. fusion or extrusion fillet seams, the relation” between bendmg strains and applied tensile
strams is llnear unlike other conﬁguratlons C o : i

"AThe thicker the ‘geomembrane, the greater ‘the ‘bending strains. However, for wide seams

.......thickness has poor influence on ‘the bendmg ‘strains. Bending strains are functions of the
" seam width. Therefore to mininiize thém, a 1 mm thick geomembrane should be used, with

" at least 40 mm fusron seams, 50 mm extru51on lap seams, and 25 mm extrusion ﬁllets

3 4.8 _Stress cracking in the seams " L : ,
Peggs et al. (13) assessed the drfferent phenomena of stress crackmg in polyethylene

. geomembmnes sheets and seams provrdmg the f eld expenence for real data

+

"It was found that many features may initiate cracks such as extrusron die lmes grmdmg :
gouges, seaming machine gouges, re-entrant angles at the edges and on the surfaces of
seams, water vapor voids within seams, or lack of bonding at seam interfaces. In the
majonty of cases mvolvmg extruded lap or fillet seams, cracks occurred along the edges of
- seams, even though they were observed to occur within the extruded bead, on the top and
underside of the seams, and shghtly removed from the edge of the seam.. =
Identical cracks may also occur in the fusion welded seams, but failures along the edge are
. less frequent. However, when thls happens cracks lengths are greater for fusron seams
*than for éxtrudate ones. - cHP oL
Cracks along the edges of extrudaté fillets'seams mvanably occur in the bottom of the two
geomembranes panel (confirming Giroud et al. (12) finding), this is due to the larger mass
of extrudate located on this side of the seam and the higher energy input.

In other types of cracking, the initiating point can be located at other parts of the seams,
such as the seam’s surface or within the body of the seam, and not only on the lower
sheet. This is especially true for cracking within the extruded fillets, hot air, extrudate
seams, and extrudate lap seams.



Overheating is an important cause of cracking in seams, cracks have been reported on the
edges of a regular seam as well as at the seam’s intersections, where the input thermal
energy is greater than in the adjacent area causing stress concentration cracks.

3.4.9 Brittle fracture in seams

Peggs and Carlson (14) have studied brittle fracture in polyethylene seams emphasizing
field results. They found that brittle cracks occurred along the edges of fused seams even
in geomembranes considered acceptable by visually inspections and by peel/shear tests.
For all the cases studied, failures appeared on the side of the seam of the overlapped
geomembrane.

Seaming consists of melting the surfaces to rearrange their microstructure to form one
piece. But problems will appear if the seam is overheated, if it cools rapidly or
asymmetrically. due to wind, if the melt indices of the parent, material and the extrudate do
not match, or if it is not heated uniformly.

Crazes that are the precursors of cracks have been seen to occur at the edges of hot

wedge seams, at the edges of the top sheet in extrudate filet seams, and at the edges of the
extrudate bead in extrudate lap seams. For extrudate fillet seams, cracks often occur at the
edges of the top sheet, due to crazes initiated in the weld deposit.

Residual stresses often appear in seams due to asymmetrical processing (temperature or
pressure not uniform over the seam’s. width). This phenomenon may cause crazes to
initiate, as it was found in hot wedge seams, where residual stresses at the root of the
extruded bead initiated crazes, which propagated through the sheet and seam. They also
" occured in extrudate fillet seams, where crazes were initiated by residual stresses at the
intersection of the edges of the top sheet, the bottom sheet, and the extrudate bead. It was
concluded that most of the brittle cracks that occurred in geomembranes were due to
unexpected stresses acting at geometrical stress concentration points created by
mechanical damage or seams overheating.

3.4:10 Seam inspection o

Seams must’ be inspected by different means, such as shear and peel tests, visual
inspection, microscopic analysis (cross section must be assessed during classification
tests), and non-destructive testing (such as vacuum box and hot air pressure).

Richardson and Koemer (17) presented the different non-destructive seams tests. They are
summarized in Table 15. The costs are those in 1987, date of publication.
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Table 15: N ondestructive Geomembrane Seam Testmg 17)

e g

@

, Cost of

Type of

Operatror

- Test . Cost of Speed of Recordmg
“method equlpment “tests tests " result ' method' | Dependency
Air Lance |~ $200 Fast 'Nil [ "Yes-no -| "Manual’ Very high

Mechanical Nil Fast Nil Yeés-no | .Manual' Very high
point stress . » o
Dual seam ‘| "~ $200 ‘Fast” | Moderate’ | Yes-no Manual Low
(positive o - : o

presure)
““Vacuum - |- $1000° - | - Slow:s% . Yes-no | :Manual High
| chamber

* (negative
pressure) : LT

Electric $1000 Fast Nil Yes-no .| Manual Low
Csparking | . e e ; : |
Electric $500 Fast Nil Yes-no - |.- Manual High
wire R A
Electric $20,000 Slow High Yes-no | Manual and Low
© field R - R automatic
Ultrasonic $5000 Moderate High " Yes-no ‘Automatic | Moderate
pulse echo )

- Ultrasonic $7000 | Moderate | High Qualitative: | Automatic | Unknown
impedance e ' SRR ETIEE '
Ultrasonic $5000 Moderate High Qualitative | Automatic | Moderate

--shadow .

3.4.11 Difficulties associated with seaming and the mode of failure

- Defective seams must be repaired by placing capstnps (15) over flaws. Regrinding and re-

welding are highly  inadvisable,: smce ‘they increase the possibility of stress cracking.
Seaming must not be used at locations where testing is difficult due to the geometry,

corner for instance. For these cases, factory-formed comers, or dumps must be placed.

The reasons why field seaming is difficult have been listed by Koerer (16) as follows:

- Horizontal (sloped) preparation surfaces
- Non-uniform preparation surfaces

- Nonconforming sheets to the subsurface (air pocket)

- Slippery liners made of low-friction materials

- Wind-blown dirt or bentonite in the area to be seamed

- Moisture and dampness in the subgrade beneath the seam

-~ Frost in the subgrade beneath the seam
- Moisture on the upper surface of the geomembrane

- Penetrations, connections, and appurtenances
- Wind fluttering the sheets out of position
- Ambient temperature variations during seaming
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- Uncomfortably high (and sometimes low) temperatures for careful working
- Expansion and/or contraction of sheets during seaming:

Efforts must be made to increase the role of nondestructive testing, in particular the
ultrasonic shadow method. Nondestructive methods assess both the quality and the

continuity of the seams.

Table 16 and 17 present the different modes of failure of dual wedge-weld seams and
extrusion fillet-wedge seams, respectively. '

Table 16: Different i’ossibilities of Failure for Dual Wedge-Weld Seams (19)

Type of Break Code Break Description Classification

—— :

AD Adhesion Failure. Complete separation Non-F18

s on one or both sides of the air channel.

# BRK Break in Sheeting. FTB

= s—

# SE-1 Break at outer edge of seam. Break can FTB
be either top or bottom sheset.

x‘ SE-2 + Break at inner edge of seam. : FTB

# AD-BRK  Break in first seam sfter some adhesion FTB

: ' failure. Break can ba either top or,

bottom sheet.
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Table 17: Different Possibilities of Failure in an Extrusion Fillet-Wedge Seam (19)

v TypeofBreak “Code™> © BreakDescnptlon Classification

#ADA- iFailure In'adhesion: Specimens may .NonFTB.

Coaenmn T “break through the th‘m gxtruded
e b e s matetial in‘the odter drea; |

i :
ADZI  Failureinsdhssion. Non:FTB
L . "
R ;AD‘WLD <. Break through the filiet-Siich' bréaks . FTB
S R T TR ‘range from those that start at the
o ~edge of thé top sheet to those that
) ran through the fillet ‘after'some

. sadhesion failure between the. flllet
.U -iBndthébottom sheet. - .. e

CSEAC T Break at'seam adge. Specumens may FIB.
TUebeid L Dhréak Bnywherd from: ‘bead/oliter. area '
edge 10 the outer area/biiffed area -
W meyil e L e 4 J.:i.:nedge. (Appncable to shear’ only)

. :SE-2 ‘Braak Bt'seam; ‘edge. 'Specifens may. -FIB
TR L Sbreak anywhere from bead/outer area’
-edge o the outer’ ‘aree/butfed area

edge.
i o -+ TSE3i-i0 . Break at seam edge (Applicable 0" -FTB
L A C el ipeel only) ST

Break in sheetmg A“B*in parenthe- FTB

1 gis after the code means the speci-"
... men broke jn the baffed area. (Appli-
z.;.-j;cable 1o shear only.}

Break ln sheetlng ‘A *B~In. .parenthe- FTB
 sis‘after the code means the specu-
... .mef broke- in the buffed area.” -~

.Break in sheetmg after.Some adhé-. ‘FTB
ssion tailure batween the fillet and the
“bottom sheet (Apphcable to peel '

R R R ‘: SNSRI S only) ' ,» RV N
VIAHT Y v Break ef the edge of the hot fack: for FTB

. speclmens Which could notbe de-
laminated.i in the hot tack. (Applicable
'10; shear 1ests only)
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3.5 Seismic Response and Interface Strength

3.5.1 Introduction

The seismic response of a landfill may be important for the survxvability of the installation.
Different studies were carried out to present thé possible damage that may be induced by
an earthquake, to help designers and constructors to protect the landfill against this threat.
The response of a landfill to seismic forces is closely linked to both the slope stability and
the interface shear strength between the liner and the soil. Therefore, many tests were
performed to assess the shear behavior of different mterfaces under different types of
excitation.

The landfill should be designed with the following regulations: US Code of Federal
Regulation of Environment (1), which states that a landfill located within the seismic
impact zone should be designed for a level of acceleration associated with 10% chance of
exceedance in 250 years. USGS (2), published a map of the US indicating the different
levels of acceleration to be considered for each region of the country.

Studies of different failures due to seismic excitation show that problems appear in the
majority of the cases at the interfaces between the different components of a composite
liner, since these interfaces are characterized by a very low shear strength (3).

Singh and Sun (3) investigated the response of clay liners to seismic excitations and
outlined guidelines to be taken in consideration while designing a composite
clay/geomembrane liner. One of the main conclusions of this paper is that the sliding
surface (featuring a noncircular shape) will most probably pass through the clay-
geomembrane interface, because of the low shear strength of the interface. This is further
decreased by the presence of water, which accumulates in the vicinity of the interface (3).

To assess the shear behavior of interfaces different tests are avan]able, some involve static
loads, while others feature oscillating excitations. :

3.5.2  Monotonic tests

Pasqualini et al. (4) carried out direct shear tests on different interfaces to determine their
interface shear strength. The interfaces tested were LDPE geomembrane/geotextile,
HDPE geomembrane/geotextile, LDPE geomembrane/geonet, geotextile/geonet, and
LDPE geomembrane/compacted clay.

This study enabled the following important findings:

- Temperature has an important influence on the shear behavior of the
geomembrane/geotextile interface; it was proved that at 30°C the interface possesses
better shear resistance than at 26°C.

- The shear resistance of smooth geomembrane/clay interfaces is clearly affected by the
wetting of the compacted clay.

- The geonet penetrates the geotextile, which increases the shear resistance of this
interface; moreover water has very little influence on this configuration. ‘
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- In contradistinction to the geonet/geotextrle mterface, wet, condltlons decrease the

shear resistance at most other mterfaces
- ‘It'is advisable to’ carry ‘out tests leadmg to relatively’ large dlsplacements in order to
obtain correct values.

P TS A Pl

' "Vard and Rmne (5) assessed the coefﬁcrents of mterface fnctron between the

«««««

g _'more convement than a regular dlrect shear test smce 1t allows the detennmatlon of the

true normal load on the plane of shear thus prov1dmg a better deﬁmtron of the peak

"mterface ﬁxctron as well as the resrdual mterface fnctlon

NS AT

) Requlatedalrsupply
. -CONFIGURATIONA . . . lj.:_-l Lo

. Pneumaticpiston ™ ° “ 5. Rotaingtable

2 Loadlngyokemdupperrbbedplatten 6. Strain drive ]
: -,"; 3. Upper confining rings 7. AlDconverter
o T |mmommgmgs ¢ T 8.'lBMPc T

Figure 29: ng shear tcst apparatus (5) J o E

.

f “Two' drfferent sands were used, they had the’ same gradation but not the 'same grain shape,
" the Ottawa C-109 sand was comprised of round particles with a.grain size equal to 0.4
- ~mm, while the Target 20-30 sand is compressed of angular shapes with a gram srze of 0.55
" - mm. The constant values of- friction (¢ = 29° for the Ottawa sand and ¢w~ = 33° for
| " Target sand) are better values for: ! friction than Opeax, Since’ they “are constant and
‘ --mdependent of the packmg densrty, gradatron and normal stress. - -~ - -

!

“~". PVC and HDPE geomembranes were tested.. 'I'he PVC. geomembrane was.medium stiff,
' ,"thh one srde rough and the’ other one smooth for this study ‘the’ geomembrane

) ‘thlcknesses were 20 and 30 mil.. The HDPE geomembrane was Stlff and hard, the smooth
specunens ‘were 20 and' 100 mil thick, whxle the rough specimens were only 100 m11 thick.

- V,LM . PR - P . -
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This study established the mﬂuence of the matenals, their textures the angularity of the
sand, and the normal stress on the behavior of the geomembrane/sand interface.

The peak interface friction was found to be a function of the smooth HDPE resistance to
shearing. The rough HDPE and the smooth PVC geomembranes had friction-angles equal
to the constant volume frlctlon angle of the sand. The best configuration to obtain
maximum shear strength is ‘a rough geomembrane with Ottawa sand. The waviness
component of roughness is not an influencing parameter for the interface friction. Smooth
‘geomembranes present scrapmg grooves after testing, which is not the ‘case for rough
materials. The roughness of geomembranes is unaffected by the testing.

Table 18, from Vaid and Rinne (5), summarizes the results of different studies that provide
friction angles for different types of soil and geomembrane.

Table 18: Summary of Tests Results ).

Soil Type Geomembrane Type Type of Reference
HDPE PVC Test
5,50 |okp) | 8C) | o
(kPa)
Concrete Sand 24 15-100 25" 15-100 Direct Martin et al.
Ottawa Sand 20 15-100 - 27? 15-100 Shear (6)
Concrete Sand 27 Up to 26 Up to Direct Williams and
Ottawa Sand 19 100 100 Shear Houlihan (7)
Sand 20-25 120 30-34° | 120 Direct Akber et al.
: Shear 8)
Sand 100-400 42 Direct | Lam and Tape |
‘ , Shear (9
Concrete Sand | 18-22,24-28 | . 50-400 Ring Negussey et
Ottawa Sand 15,18 50 . Shear al. (10)
Ottawa sand 21,19 200 . Direct Saxena and
. shear | Wong (11)
Sand 27-31 5-50 Direct Weiss and
shear Batereau (12)
Ottawa Sand 19 3-70 30 | 3-70 Direct O’Rourke et
, ' shear al. (13)
Ottawa Sand 24.1 . | 10-27 Direct | Lauwers (14)
Shear
Where:

d: friction angle (degree)
Op: peak friction angle (degree)
¢’: normal stress (kPa)

'smooth

’rough
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*PVC -2 = 17mm (67 mils) thick *

“PVC-4 = 0.76mm (30mils) thick
Cazzuffi et al. (15) presented a European pre -standard method to assess the shear
_behavior of an inclined interface. The apparatus is quite similar to a regular shear box used

for direct shear testing, but instead of bemg horizontal, it is inclined at a certain angle, Fig.
30.

i

Figure 30: IncImed friction test apparatus (15) .~ .
- ~This paper describes exhaustively. the apparatus and the test procedures that allow the

> determination of the angle of friction and the shear strength. Only preliminary results are

available (see Table 19), and even if some problems need to be resolved, it is thought that
this test'method would be an efficient tool in the charactenzatlon of the, mterface shear

S propertles T , AT R
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Table 19: Results of Inclined Friction Tests (15)."

Geosynthetic Support Cover soil Friction angle: ¢, (°)
PET woven geotextile Rigid plate Sand 30.9
PET nonwoven needle- Rigid plate Sand 325
punched geotextile
Gravel 40.1
PVC geomembrane Rigid plate Sand 29.3
PET woven geogrid Sand Sand 30.1
Rigid plate (with 2 Sand 409
layers PE film)
Rigid plate Gravel 419
HDPE extruded mon- Rigid plate Sand 324
oriented geogrid
. Gravel 37.0
Rigid plate (with 2 Sand 29.7
layers PE film)
Gravel 39.9

3.5.3 _Seismic Response/dynamic shear tests _
Yegian et al. (16) presented the results of tests to evaluate the dynamic response of

geomembrane/geotextile and geomembrane/soil interfaces excited by seismic excitation.

For both interfaces, the materials were placed on a shaking table (see Fig. 31) and the
accelerations and displacements (slip) of the lead blocks weights (12.4 kPa) and the table

were recorded.

Accelerometers

=—

R MR P TI Je NG AT YR
RIASHIVEE SRS AT
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Figure 31: ;Test appa'ratus for dy"namic shear properties (16)

The different materials used for the ;tests were a nonwoven,-continuous filament, needle
punched geotextile (Polyfelt TS 700) a smooth 60 mil HDPE geomembrane, and Ottawa
sand.

“The peak acceleration of the block a 1 is ﬁmctnon of the dynamic interface friction angle ¢u,
and the gravity g, and is deﬁned as

ab—gtan ¢d...-».'.-‘.-........; ......... evereeteanunens eieveend[3.5.1]

. SRS S b . S

" :For the first part of this study the excitations were steady state harmomc
For the geomembrane/geotextile interface, it was shown that for accelerations less than
~ 0.2g the table and the block move together, which mdlcated no relatlve dlsplacement
(shp) but for higher accelerations slip of 0.75” occurred.
* Since the threshold limit between the slip ‘and the no shp occurs-at 0.2 g, it is possnble to

determine ¢4 as follows:
¢a= cotan (ab/g) = 11.3° ......... R e [3.5.2]

' Only a hmxted shear stress ‘can’ be transm:tted through the mterface, the va]ue of the

maxunum shear stress is gwen by
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Figure 32: Dynamic response of geomembrane/sand interface (left) and geomembrane/geotextile
interface (right) (16)
From Fig. 32, it is possible to determine the dynamic stiffness and damping characteristics
of the interface, as well as the interface shear force. The stick-slip phenomenon occurs
when the table motions are reversed. The dynamic interface shear property is non-linear.
For the geomembrane/sand interface, slip occurred at a level of acceleration equal to 0.3g
corresponding to ¢g = 16.7°.

The sand/geomembrane interface is able to transmit more shear stress between the two
components than the geotextile/geomembrane interface, this explains why the slips were
smaller in this case.

In the second part of this study, the dynamic response of the sand/geomembrane interface
submitted to earthquake excitations was investigated. The excitations of the table were set
to reproduce the earthquake in Spitak, Armenia in 1988, during which the maximum
recorded acceleration was 0.4g. The response is more complex in the case of earthquake
excitations than for steady state harmonic excitations. It was observed that the yield
acceleration is not constant and is difficult to define. For a peak acceleration of 0.4g, the
maximum slip was 1.2”, while the permanent slip was 0.4”, and the acceleration of the
block 0.3g. '

These tests showed that the stick-slip phenomenon occurs during the inversion of the table
motion, which temporarily increases the shear force. Because of the complexity of the
response under earthquake excitation, designers should be careful not to extrapolate
results from the steady state harmonic excitations to earthquake application. The
geotextile acts as a base isolator since the level of acceleration pulses of the ground
motion is reduced by it and the wave energy is absorbed by the interface due to slip (17).

During, slip the different layers of the liner, including the geomembrane, may sustain

plastic deformation, or tearing with consequent decrease of the impermeable properties of
the liner. One of the main causes associated with landfill failure due to seismic excitation is
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very low shear strength of the liner composed of -different layers of geosynthetrcs,
‘ especra]ly when a smooth geomembrane isutilized ( 18) :

:-;'.De and Zlmm1e (19) tested four dlfferent mterfaces geotextlle/smooth geomembrane
smooth geomembrane/smooth geomembrane, smooth geomembrane/geonet (longitudinal),
and smooth geomembrane/geonet (transverse)

" .. First, the different mterfaces were. tested by monotomc and cycllc (frequency of 0.25 Hz)
direct shear tests. Shear stress versus displacement curves were almost linear under
monotonic loading, up to a maximum point (peak). Past this point, the; .curves dropped '
ﬁndmg was that the geonet transverse "and longitudinal interfaces exhlbtt the same
behavior 1nd1cat1ng that onentatlon is not a factor in the shear strength at mterface Two
sizes of specimens were tested and only sinall differences were noticed.

Under cyclic loading, the shear stresses tend to decrease with time. The ratio of the values
of initial and terminal shear stresses is deﬁned as the coefficient of dynamic friction for the
studied cycle. The final stress is either ]arger or smaller.than the initial value depending on
the nature of the interface; moreover, the difference between initial and terminal values is a
function of the normal stress apphed ‘The decrease of shear stress associated with cyclic
tests is explained by the weanng of the contact surfaees, whtch reduces the surface
roughness (19). S L BT

The second part of this study addressed shake table tests, whlch allow the determination
of the dynamic friction angle and therefore the shear force. Small as well as large values
of acceleration were used for the table ‘excitation. In order-to provide a high level of
acceleration, up to 40 g, a 100 g-ton geotechnical centrifuge was used. For both small and
large levels of acceleration, the dynamic friction angles were found to be similar,
approxrmately 12.5°, lmplymg that slip occurs at the same level of excitation (0.2g) for
each interface. Moreover,. results .of ‘the direct shear tests corresponded to the results
found by the shake table. . _.t-1 '

[P
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+ 3.5.4_ Influence of material roughness -

Dove et al. (20) assessed the relationship between the geomembrane roughness and the
interface shear strength for geomembrane/soil interfaces using a newly developed optical
technique OPM (Optical Profile Microscopy), which characterizes the roughness of a
geomembrane. - :

The surface roughness parameter is defined as follows (se Fig. 33):
' ' Ry = As/Ao, see Fig. 33.......... rrrersraieerensessrnnnsecas [3.54]

But in practice, the stereology relation is defined as follows:

With Rl is the profile roughness parameter, and y the profile structure factor.

) ';/_Ac_tual Surface Area, Ay

/Prg]eded Area, A,

(a)
T Digltized point on profile

Y= g ahiA | X,
% = sin [a-%)AHg- (i-%)A]cos [(i-%)A]

jth Line segment
> x

Actual Profiie Length, L g/
ok
g

I

|

|

|
re »l
Lo

Figure 33: Definition of roughness parameter by Dove and Frost (21).

In this study, one smooth and three textured HDPE geomembranes were tested over two
standard Ottawa sands, and a upper drain material from a landfill (the three soils possessed
approximately the same properties). - '
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Before testing, the shear strengths of"the different interfaces in round and square direct

shear boxes, and the geomembrane roughnesses were assessed with the OPM technique.
: These tests confirined that roughness is.a very important parameter in the shear resistance
- of the geomembrane/sand interface. The shear strength increases -‘with an increase of the
roughness up to a limit value of R; approximately equal to 1.4; then beyond this value, the
shear strength is less affected by the geomembrane roughness. Thus, to optimize the
design of a liner, it is important to use a geomembrane possessing a roughness parameter
equalto 1.4.

D

355 A theoretzcal e{faluatzorz of interface stability
Giroud et al. (22) developed' a theorétical method to assess the stability of

geosynthetics/soil interfaces on slopes. The slope instability of landﬁlls is due to excess
weight and low shear strength of the interfaces. Different methods of determining the

" factor of safety equation for slope liners have been presented by Giroud and Ah-Line (23),
~ Martin and Koemer (24), Giroud and Beech (25), and Koemer and Hwu (26). All these
methods are based on limit equilibrium making them simple to use (expression of the slope
stability through a factor of safety), and their applicability has been proven through many
years of utilization. But special .care must be taken while evaluating a multi-layered liner,
since the ultimate shear strength for each layer is not required at the same instant.

o Different assumptions and ealcﬁlatieﬁtlead-to: equations defining the factor of ‘safety.

O e S S ’ e e
For the case qumformthlckness; e .
tan & + a’ i sing ¢ cosp LI

FS= - ...[3.5.6]
tan g ytsin 8 h sin(2B)cos(B + ¢) yh sin B cos(p + ¢) yht
_and for non-umform thlckness o } S
tan6 + ' a . + ‘52““ - sing ;c.. ’.B- cos¢ T
tan B Wavg sm ﬂ” : h-dv sm (2ﬁ)cos(ﬁ + ¢) 7h .tav; smﬁ cos(ﬂ +¢) 'yht avg
Lo R S [3.5.7] .
. WItll -:‘_ . . _‘ ' ;“';, ...r ‘\ ..". -

FS: factor of safety ~ « 1o yet i
- &: interface friction angle along the sllp surface (°)

“B:slopeangle ) T ‘
. avinterfacé adhesion along the sllp surface (Pa) ‘

- ¥: unit weight of the soil (N/m®) .

. t: thickness of the soil layer for the case of a layer of umform thickness (m) -
** h: height of the slope =~ =~ - B
¢: internal friction angle of the soil component of the layered system (°)

c: cohesion of the soil component of the layered system (Pa)

T: tension in the geosynthetics above the slip surface (N/m)

t,: thickness of the soil layer at the point A defined in Fig. 34
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tp: thickness of the soil layer at the point B defined in Fig. 34

t +t¢

tvg: average thickness of the soil layer defined as ty, = -2 b

in the case of a tapered soil

layer.

Figure 34: Definition of 4, ts, and t,,. (22)

Design examples were presented for the method developed by Giroud et al. (22) to prove
its efficiency. The method is very exhaustive, simpler than the previous ones, and features
an accuracy totally acceptable. An important advantage is that equations defining the
factor of safety are sums of five terms, which are the independent parameters, influencing
the factor of safety (see Table 20).

Table 20: Explanation of Terms in the Factor of Safety by Giroud et al. (22)

Slope . Infinite Slope Additional terms of finite slope
Mechanism Interface Shear Toe buttressing Geosynthetic
Parameter | Interface | Interface | Soil intemal friction Soil Geosynthetic
Friction | Adhesion ' cohesion tension
Symbol o a o) c T
Gene}'al tan § . a R t sing L€ cos¢ R T
equation tan g ytsin  hsin(2B)cos(B +¢) vh. sinfcos(B+¢) yht
o (+) D g ) (G2 ¢
B () Q) Q) ) ) N
h (+) g g ) ) )
Y N ) - Q) &)
t(#) hiig ) (G g ()

(+) corresponds to increase
(-) corresponds to decrease
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This accounts for the factor of safety contribution to the interface friction angle, the
interface adhesion, the internal friction angle, the cohesion of the soil component located

- above the slip surface, and the tensile strength of the geosynthetic located above the slip

surface. Unfortunately; due to the assumptxons made, this'method cannot be used in cases
where the slopes are submerged or if water is flowing along them.

'356 Conclusrons - S a T :
It appears that the shear propertles of lmer mterfaces are of paramount 1mportance to

.- prevent earthquake damage as well as to ensure a proper stability of the landfill. The

materials composing the liner, their roughness, their stiffness, the normal load, as well as
the temperature are factors mﬂuencmg the mterface shear strength

However, review of the matenals hterature 1ndlcated that only very: few articles present

damage caused to geomembranes/geotextiles materials by slips and shear stresses due to

*.seismic and steady-state harmonic excitation. Even if the slips are of small order, it should

be interesting to evaluate their effects on the properties and durability of geotextile liners.

Since it is possible that a landfill can survive an earthquake without collapsing, the liner

;... may suffer excessive deformations:or tears, which will allow leakage, or reduce the liner
- durability. This damage will be aggravated as other earthquakes occur.-

e



3.5.7 References

1.

10.

11.

12.

U.S. Environmental Protection Agency, Title 40, Part 258: “Criteria for Municipal
Solid Waste Landfills”, Code of Federal Regulation, 1992, pp. 355-361.

U.S.G.S.: “Probabilistic Earthquake Acceleration and Velocity Maps of the United
States and Puerto Rico”, Map MF 2120, United State Geological Survey, 1991.

Singh S., and Sun J.I: “Seismic Evaluation of Municipal Solid Waste Landfills”,
Geoenvironment 2000, Volume 2, pp. 1081-1096, 1995.

Pasqualini E., Roccato M., and Sani D.: “Shear Resistance at the Interfaces of
Composite Liners”, Proceedings Sardina 93, Cagliari, Italy, pp. 1457-1471.

Vaid Y.P.,, Rinne N.: “Geomembrane. Coefficients‘ of -Interface Friction”,
Geosynthetics International, 1995, Vol.2, No. 1, 99. 309-325.

Martin J.P., Koemner R.M.;; Whitty J.E.: “Experimental Friction Evaluation of
Slippage Between Geomembranes, Geotextilesand- Soils”, Proceedings of the
International Conference on Geommembranes, Denver, Co, USA, 1984, pp. 191-196.

Williams, N.D. and Houlihan, M.F., 1987, “Evaluation of Interface Friction Properties
Between Geosynthetics and Soils”, Proceedings of Geosynthetics ’87, IFAI, 1987,
New Orleans, LA, USA, Vol. 2, pp. 616-627.

Akber, S.Z., Hammamji, Y. and Lafleur, J., 1985, “Frictional Characteristics of
Geomembranes, Geotextiles, and Geomembrane/Geotextile Composites”, Proceedings
of the Second Canadian Symposium on Geotextiles and Geomembranes, Edmonton,
Alberta, Canada, pp. 209-217.

Lam, D.J.S. and Tape, R.T., 1991, “Geomembrane Interface Strength Tests”, Geosyn-
thetics: Design and Performance, Sixth Annual Symposium, Vancouver Geotechnical
Society, Vancouver, Canada, May 1991.

Negussey, D., Wijewickreme, W.K.D., and Vaid, Y.P., 1989, “Geomembrane
Interface Friction”, Canadian Geotechnical Journal, Vol. 26, No. 1, pp. 165-169.

Saxena, S.K. and Wong, Y.T., 1984, “Frictional Characteristics of a Geomembrane”,
Proceedings of the International Conference on Geomembranes, Denver, CO., USA,
pp.187-190.

Weiss, W. and Batereau, C., 1987, “A Note on Plane Shear Between Geosynthetics

and Construction Materials”, Geotextiles and Geomembranes, Vol. 5, No. 1, pp. 63-
67.

90



'13 ‘O’Rourke, T.D., Druschel, .8.J. .and Netravali, A.N., 1990, “Shear Strength

-----

“Characteristics of : Sand Polymer Interfaces Joumal of Geotechmcal Engineering,
ASCE, Vol. 116, No.3, pp. 45 1-469." "

o '14 Lauwers,:D.C.; 1991, “PVC Geocomp051te for Improved Friction and Performance

. Properties”™, Proceedmgs of. Geosynthetlcs ‘91 IFAT 1991 Vol l Atlanta GA,
USA, February 1991, pp. 101-103.

15. Cazzuffi D., Corbet S., Montanelli F., and Rimoldi P.: “Compressive Creep Test and
Inclined Plane Fnctlon Test for Geosynthencs in Landfill”, Proceedings Sardina 95,
Cagliari, Italy, pp. 477-491.

16. Yegian, M.K., Yee, Z.Y., and Harb, J.N.: “Seismic Response of Geosynthetic/Soil
Systems”, Geoenvironment 2000, Volume 2, pp. 1113-1125, 1995.

17. Yegian, MK., Yee, Z.Y., and Harb, J.N.: “Response of Geosynthetics Under
Earthquake Excitations”, Geosynthetics *95, pp. 677-689.

18. Gunturi R., and De A: “Seismic Analysis of Landfills”, Environmental Geotechnology
with Geosynthetics, 1996, pp. 266-274.

19.De A, and Zimmie T.F.: “Factors Influencing Dynamic Frictional Behavior of
Geosynthetic Interface”, Geosynthetics ‘97, Long Beach, CA, USA, pp.837-851.

20. Dove J.E., Frost J.D., Han J., and Bachus R.C.: “The Influence of Geomembrane
Surface Roughness on Interface Strength”, Geosynthetics ‘97, Long Beach, CA, USA,
pp.863-876.

21. Dove J.E., Frost J.D.: “A Method for Estimating Geomembmne Surface Roughness”, .
Geosynthetlcs International, 1996, Vol. 3, No. 3, pp. 369-392. '

22. Giroud J.P., Williams N.D., Pelte T., and Beech J.F.: “Stability of Geosynthetic-Soil
Layered Systems on Slopes”, Geosynthetics International, 1995, Vol. 2, No. 6, pp.
1115-1148.

23.Giroud J.P., and Ah-Line C.. “Design of Earth and Concrete Covers - for
Geomembranes”, Proceedings of the International Conference on Geomembranes,
IFAI vol. 2, Denver, CO, USA, June 1984, pp. 487-492.

24.Martin JP.,, and Koemer RM.: “Geotechnical Design Considerations for

Geomembrane Lined Sloped: Slope Stability”, Geotextiles and Geomembranes,
Elsevier,1985, Vol. 2, No. 4, pp. 299-321.

91



25. Glroud J P and Beech JF. “Stablllty of Soil Layers on Geosynthetics ‘Lining
Systems” Proceedmgs of Geosynthetlcs ’89, Vol. 1, IFAI, San Diego, California,
USA, February 1989, pp. 35-46.

26. Koemer R.M and Hwu B. L. “Stabnhty and Tension Consnderatlon Regarding Cover

Soils in Geomembrane Lined Slopes”, Geotextiles and Geomembranes, 1991, Elsevier,
Vol. 10, No. 4, pp. 335-355.

92

W,



3.6 Effect of Natural Parameters on Geosynthetic Aging

3.6.1_ Introduction :

Many mvestlgatlons have addressed the agmg of geosynthetlcs and geomembranes, since
‘ aging is one of the most important concems for materials used for landfill liners. The
~ environments in and around landfills are usually aggressive towards geosynthetics, i.e.:
temperature, UV, oxidation, and chemical agents that deteriorate the liner. This chapter is
restncted to the aging problem in landﬂll environments.

~ Haxo et al. (‘1) studied the factors in the durability of polymeric membrane liriers and

" classified the different modes of failure of a membrane as follows: a) softening and loss of

physical properties due to depolymerization and molecular scission, b) stiffening and
embrittlement due to loss of plasticizers and additives, c) reduction of mechanical
properties and increase of permeability, d) failure of membrane seams.

3.6.2 Conditions at the liner level

Landereth (2) summarized the conditions encountered in a landﬁll temperature between
40 to 70°F, constant flow of leachate, no hght aerobic or anaeroblc conditions, bacteria,
acidity, gas, etc. .Ina hazardous waste landﬁll microbes will be more actlve if the waste
does not kill them, also Iess gas will be ‘produced.

“'I;ypical chemicals found in a Iandﬁll efiyifeqment are listed in Table 21:

Table 21: Typical Chemicals in a Landfill Environment
a) Typical Chemical in Landfill Gas (18): .

Typical constituent in gas =~ Typical concentration of trace compounds

Component Percent . Component ~Mean concentration
; " (pbV, parts per

~ billion by volume)
Methane 40-60 Toluene - 34,907
Carbon Dioxide "~ 40-60 - : Dichloromethane 25,694
Nitrogen . -.2-5.. . ..-. |  Ethyl Benzene 7,334
. Oxygen =~ ..}...  0.1-1 O . ;Acetone 6,838
 Ammonia- - |. ... 01-1.0. .. .. Vinyl Acetate . 5,663
Sulfides, Disulfides, .. 0-0.2 . :. | Tetrachloroethylene .o 5,244

Mercaptans R IR o

Hydrogen 0 0. 2 Vinyl Chloride 3,508
- Carbon Monoxide - | . .. ..~0-0.2 - - |. Methyl Ethyl Ketone |- .. : 3,092

Trace Constituents--{ . +.0.01-0.6-....:-{ - -Xylenes .. | =~ . 2,651 .
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b) Typical éhemical in Landfill Leachate (19):

Elements Concentration (mg/ke)
Sulfates ‘ <328 000
Copper <295

Zinc - <534

Arsenic : <385
Benzo-a-pyrene <1300
Qils <9000

pH >1.2

Typical conditions in MSW landfills are as follows:

- absence of oxygen and ultraviolet light

- humid to wet

- cool and uniform temperature (10-20°C)

- moderate acidity and dissolved organic constituents

- high overburden pressure, with moderate hydraulic head pressure

In MSW landfills, polymeric materials have proven to have acceptable resistance to aging
even if depolymerization, and loss of strength occur.

Typical conditions in hazardous waste facilities are as follows:

" - vast range of waste directly or not in contact with the material
- exposure to weathering: sunlight, rain, ozone

- wave action of the fluid in the pond

- significant temperature gradient

- ground settlement and movement

The environment in hazardous waste facilities is more aggressive towards the membrane
than in MSW landfills |

- 3.6.3__ Different stresses to which the liner is subjected

Haxo and Haxo (3) described the different parameters influencing the durability and aging
of geosynthetics products in landfill environments. Those parameters can be classified into
three groups: chemical, mechanical, and biological = stresses, possibly acting
simultaneously, and causing different types of aggressiveness to the liner material.

Chemical stresses, which are.affected by temperature, are induced by exposure to waste
_ liquid, ultraviolet and- infrared radiation, rain water, oxygen and ozone; these have
different effects ranging from structure breakdown, cross-linking and gelling, swelling and
dissolution of the polymer, volatilization or extraction of plasticizers, and increase of
crystallinity.
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Mechanical stresses are induced by penetration, overburden weight, hydraulic head, rain,
hail, snow, and wind, stresses on slopes, and settlement. Their effects are tearing,
‘ cracklng, breakmg, and creep ARSI :

Brologlcal stresses result from brodegradatlon by mlcroorgamsms and attack by rodents,
birds, and insects creating clogging of the material.

. 3.6.4 Environmental effects during construction

During fabrication and through liner construction, geosynthetic products are exposed to
different environmental factors, possibly aggressive. Many liner flaws are caused by
defects created before or during liner construction, therefore, great care must be taken
during this phase of life of the material.

The change in temperature may cause damage since the material is not yet buried.
Temperature affects seaming, embrittlement (low temperature), shrmkage and softening
(high temperature)

. Humldlty, UV and oxygen may be really harmful to uncovered materral Products that do

not include carbon black are even more affected by uv hght exposure. Careless placement
of geosynthetics, as well as gravel, may result in stretchmg, tensioning, creep, scratch,
. -tearing, and puncture. This can be prevented by skilled workers.

3.6. 5 Envzronmental ezZect durmg servzce ht

Multiaxial stresses are usually pnesent ‘at any location of any geosynthetrc lmer uniaxial
stresses are very rare in real situations. Anaerobi¢ conditions are present m most landﬁlls
at the location of the liner, which reduce and eliminate the existence of microorganisms,

~ ; . and thérefore, reduce the risk of biodegradation.
Absence of light and, therefore, UV reduces consrderably the risk of degradatlon but

‘]eachate is almost always present at - the level of liner. The ]eachatc increases the
. possibility of loss of the matenal’s compounds and decreases the geomembrane
. properties. Temperature may vary from 40 to 70°F and even hrghermcertam cases

Overburden pressure may approach 100 psr whrch in the case for rough sorl in contact -
with the membrane may deform, puncture or even tear the material. The decomposition of
- waste creates gases such as carbon-dioxide and methane, which may cause mineralization
of the soil, and clog the liner. The presence of ions may also cause cloggmg

For hazardous waste landfills, aerobic conditions increase the po'ssibility of bacteria and
microorganisms, which can lead to fungal growth that would eventually clog the liner.
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3.6.6__Degradation processes

e Temperature:

Schneider (4) characterized and summarized the effect of temperature and intensity of
radiation on geosynthetic products. Degradation can be caused by weathering factors such
as oxygen, radiation, humidity or heat. :

Arrhenius developed a goveming equation for chemical degradation, Equ. 3.6.1:

where:

- KT . . .
A = rate constant, E-h—.e” ® but under certain conditions, A = 10" at 25 °C.

Ea: activation energy
R: gas constant
T: absolute temperature

Furthermore, many weathering tests were conducted on PP continuous fiber
geomembranes under mechanical loads. It was observed that there was significant
remaining strength (specrmens are tested after exposition) when the temperature varied
and the intensity of radiation was constant.

The temperature may be influenced by different factors and can differ for the surrounding
material, geosynthetic surface and its core (difference of 20 °C between surrounding
material and geotextile may exist). When temperatures over 100 °C are reached, water
produced by condensation may cause hydrolytic degradation; however, proper storage will
solve this problem.

Not only does the temperature act as an accelerator, but it may also affect the fiber’s
structure by stabilizing it as well as decreasing the inner ‘stress. Another consequence of
temperature is the increase of material’s crystallinity associated with an increase of
density. Thus, temperature is an 1mportant parameter in the aging process due to its
capability to influence the reaction rate, mechanical (strength and elongation), and
abrasion properties. Temperature in the sample may be significantly higher than in the
surrounding environment, this i is due to the matenal’s thickness and opacity.

" The results of the tests carried out by Fayoux (16) on the durability of PVC
geomembranes show that temperature causes the evaporation of plasticizers, which at
40°C is about 0.7 to 3.5 g/m’/year.

Pierson et 51.' &) assessed the thermal behavior of geomembranes exposed to solar

radiation, which induces problems (such as wrinkles) and, even flaws at the construction
stage, when the geomembrane is still uncovered by waste.

96



Temperatures may reach 80 °C in black exposed geomembranes, such temperatures acting
on material with high coefficients of thermal expansion cause wrinkles over the entire
exposed surface of the geomemibrane.

Pierson et al. developed analytical expressions for the coefﬁcrent of thermal expansion
(CTE), the coefficient of absorption (0),-and the expected temperature in the membrane.
They valrdated these expressrons by tests and indicated values of CTE and o

e x,'Ihe coefﬁcrent of thermal expansron, CTE (m/(m °C)) is defmed in Equ 3 6 2
3 < P, FE X TS

Al/lo (‘JTExAT....’.;‘;'; ..... ...... [3.6.2]

where AVly (m/m) s the strain and AT (°C) is the vanatlon in temperature.

Tests were carried out to assess the values of CTE for different materials, and show that
HDPE is the material with-the- Iugher CTE ‘also the varation of CTE with the
dlrectlonallty of testmg and the maxrmum wrdth of the sheet, Table 22 gathers the results.

Table 22: Coefﬁclent of Thermal Expansnon -of HDPE and PVC (5)

Material . ..| HDPE 1 . |HDPE2 . . PVC

Direction | width™ -} length™ ~ | Width length width Length
Irreversible 2.2 -1.7 <#1 <%l 13 -13
variations after 3

tests (per thousand)

CTE (m/(m.°’C))’ 26E-4  |1.7E4" 2.9E-4 31E4 - |14E-4 1.2 E-4

L8 TN, o sy
R -

The coefficient of absorption o Was evaluated for different matenals and colors using the
_ heatmg plate test Equ 3 6 3 and 3 6 4 express oc in geomembranes restmg on ground
a.G=hy. (Ta(t) < Ta) + <D(x—0 Deeeerenrennns IR .".,-. ...... [3.6.3]
“Where: oi: coefficient of absorption R e
G: solar radiation (W/m?)
hy: constant=25+1 (W.m.°C")
. T(t): mean membrane temperature at x=0 and time t (°C)
CTo temperature of the boundary layer (°C)

Lo Ly
" The t_emperatrue in _the 'mernb'ran'e can be approgcirnated by Equ. 3.6.4: "

-y m,

Tm(t) Ta+1/h { a.G+

(Ti-Ta)-a Gl
o 8(O)+3A 1k, - .

e n o f,\,,_..’:_t-,.:



where: Ta: air temperature (°C) ‘
O(t): value of x so that ®(x=0,t)
A: soil thermal conductivity

These equations were validated by tests proving their accuracy. _
It was proven that a white coating applied on the surface of the membrane reduces
considerably the overheating of the material (see Fig. 35). The use of a geotextile over a
black geomembrane only delays the overheating, so this is not an appropriate means to
eliminate long-term overheating.

Temperatura (’C)
120

* HDPE geomembrane protected by &
nom-wowen wﬁ!e gegte)aile .

HOPE geomembrane protected
by a white coating

:"‘ Tine (h)

0 333  6.67 10 1333 1667 20 2033 2066

Figure 35: Influence of geomembrane coating on thermal properties (5)

From site tests and observations, the wrinkle phenonjena can be outlined as follows:

- large wrinkles propagate along the sheet’s length and weld

.. - small wrinkles propagate perpendicular to the large ones .

- due to undulation, the contact between the soil and the membrane is not continuous

- temperatures in the wrinkles are higher than those in the non-wrinkled parts of the
sheet

- spacing between two wrinkles does not change, if the temperature and height of the
wrinkle increases. :

* UV light: .
UV is the worst factor affectmg exposed PVC materials (16) A solutnon to prevent the
effect of UV is to include carbon black. Its concentratlon is_ lnmted by the burning
phenomena occurring during seaming. Another solution’ is ‘the “combination of light
pigments, which by their presence decrease the temperature in the membrane and
therefore, thé’ agmg, deformation, creep, etc. The study carried out by Fayoux (16) shows
that the loss of plasticizers was in the order of 12 g/m ?/year.

| Koemer and Koefner’ ©6) an'alyzed the behavior of ﬁéld-dé:i)id)}ed HDPE geomembranes.
-Exposed to light, a geomembrane is subjected to three physical phenomena: radiation,
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conduction, and convection. Radiation is a phenomenon in which the energy is carried by
electromagnetic waves (solar radiation ranges between 0.1 to 4 mm). The transference of
heat caused by a temperature gradlent 1s the conductlon phenomenon. Convection is the
transfer of heat by molecular movement

The first part of the study addressed the testmg of black, white, textured and smooth
geomembranes, exposed to ﬁeld condmons throughout the year.

NP RS B

Table 23: Average Temperature in Black and White Geomembrane (6)

RS

Season of Max Black Geomembrane White Geomembrane
Year Ambient Max. Temp Diff. Amb. | Max. Temp. | Diff. Amb.
Temperature
Winter 5 o p 13 8 2 -3
Spring 22 46 - 24 38 16
Summer 30 . . .. 70 .. 40 57 27
Fall 19 s .35',1‘?,"}" 17 28 10

4,44

Table 23 presents the test results, from whlch 1t can be concluded that the temperatures in
white geomembranes are always lower than those in black ones; only a small difference
between the smooth and textured geomembranes exists in the advantage of the textured
one in which lower temperature was found. :

The second part concerns the analysis of wave occurrence due to light exposure in a 1.5
mm smooth black HDPE geomembrane. The weather conditions (sun, cloud, and wind)
are important parameters in the development of waves. Sun and no wind will increase the
temperatures in the membranes and the material will expand creating waves. Covering the
geomembranes with a geotextile or gravel significantly reduces the temperatures and so
“the waves formatxon The topography of waves was also momtored and is shown in Fig.
36 ' ’ ) S G [AFIPR
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Figure 36: Topography of waves induced by UV radiation (6)

Cazzuffi et al. (7) provided a very detailed analysis of the reason for the degradation in
polymeric material due to UV light: photodegradation breaks down the chemical bonds
due to UV exposure leading to cracking, chalking, color changes, or loss of physical and
mechanical properties. They also compared results of laboratory and outdoor exposure
tests of seven different geosynthetics. The laboratory high temperature accelerated tests
were performed for periods of 1,000, 2,000, and 3,000 hours, while the outdoor tests
were performed for 1,080, 2,060, and up to 17,280 hours.

Geotextiles, geogrids, and geomembranes, made of PET, PP, PE, PVC, and HDPE, were
tested for UV exposure effects. For geotextiles, outdoors and laboratory tests results
correlated for strength: an exposure of 1,000 hours in the laboratory corresponds to one-
year outdoors. Such correlations are also true for geogrids and geomembranes, proving
good correlation for any type of material. It was also shown that one of the main
parameters for UV resistance is the thickness of the material: the thicker the material,
greater the resistance.

Geotextiles were subjected to embrittlement (increase of modulus up to 370%), while
geogrids and geomembranes suffered a lot less to an acceptable degree. Moreover, for
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. Intensity of the radiation. .

geogrids and geomembranes, aging.is not proportional to the exposure time, and the

' change occurs only superﬁc1ally and not in the material core.

' Ultravrolet radlatlon affects uncovered matenals and can be dangerous durmg the

installation of the liner and before the placement of the waste. Only the ultraviolet part of

. the light is harmful to the geosyntheticmaterials, moreover, each material is sensitive to a

particular wavelength (i.e. polyethylene = 300 nm, polyester = 325 nm, and polypropylene
=370 nm).

UVRegion':... . f'~ ", - Visible Light

tlt
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:. The degradatlon mechanism is due to molecular bond scission (in the primary polymer’s
backbone) created by the sensitive wavelength w1thm the molecular structure :
. Ultraviolet light causes material embnttlement and may induce cracks dependmg on the

i

\

The best solutlon to prevent ultravrolet damage is to keep a minimum layer (15 cm) of

of. uncovered geotextrles, carbon black and chemrcal stabllrzatron must be used -Carbon

black is a powder that prevents the light from entering the material mrcrostructure and
also absorbs a part of the light energy. Chemical stabilization with (Hindered 'Amine Light
.. Stabilizers, HALS), in which the free radical is liberated by scission due to the light, stops
ﬁlrtherdegradatlon G L .
' . PN St ;I(:--,g t;f,’;-;

‘ * Chemtcal ~ 0 e
Chemlcal stresses are charactenzed by cross-lmkmg or smssron of the polymer chain due
‘ to the reaction of oxygen with polymer (2). Organic absorptlon may cause the matenal to
swell or soften.
An important concern is the crystallinity increase causing the embrittlement of the material
.- that reduces ..its - resistance to cracking. Leachate may . extract some compounding
mgredlents from the geosynthetic. ., , .. ;
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Artieres et al. (8) analyzed the durability of different geomembranes under chemical
stresses induced by the leachate over a period of 6 months. All the materials tested
showed no significant modifications in microstructure, or mechanical stress, proving that
the leachate has no effect on geomembrane material in a time period of 16 months.
However, longer tests should be made since modifications of properties are expected due
to the long-term ‘exposure to chemical agent. Moreover, it was proved that bituminous
geomembranes should not be used as liners, since they are porous under small
deformations.

Billing et al. (9) assessed the chemical and mechanical durability of geotextiles. These
synthetic materials are used in landfill as soil-reinforcement materials and can be exposed
to chemically aggressive leachate environment.

Certain metal ions such as Fe, Cu, and Mn induce and accelerate the hydrolysis of
‘polyester material. To prevent this problem, ion deactivators were embedded in the
material during its processing. The samples were immersed in an extremely acid (sulfuric)
.solution of pH 3, and in an highly alkaline (calcnum oxide) solution of pH 12. The results
of this study showed that the different geotextiles (polypropylene polyester, and
polyethylene) were only slightly affected by the pH of the solution, in which they were
immersed. Polypropylene showed a slight weight increase at high pH, and a significant
tensile strength reduction after immersion in H,SO, (pH 3). Polyester showed a weight
loss accompanied by crystal growth, and also a reduction in tensile strength after
immersion in pH 12 solution. Polyethylene materials were not affected by the immersion.

~ Overmann et al. (10) tested the chemical resistance of geomembranes and geotextiles to
leachate. Their tests were based on the US EPA method 9091, but the-time and
temperature of immersion of the samples were increased. The materials tested were as
follows: HDPE and Reinforced CSPE for the geomembranes (with seam samples being
also. tested because of their low resistance to chemical aggression); polyester
polypropylene and high- -density polyethylene for the geotextlle The leachate was taken
from existing landfills and had a pH of 8.8. The immersion temperatures were hlgher than
those indicated in the EPA Method (25, 45, and 70°C), and the time of immersion varied
) from 1to 24 months.

Non-exposed'and expose'd"'Specimens were physically and mechanically tested and the
results compared to assess the chemical effect on the specimens. The results showed that
for HDPE geomembranes, there are only small differences between exposed and non-
exposed specimens. The thicker the membrane, the better was the resistance against
chemical aggression " The R-CSPE specimens performed quite poorly and showed
significant increase of volatile content, thickness and mass, as well as tensﬂe and shear
strength. ,
‘Both geotextile materials performed well at low temperatures, but:at 70°C the polyester
showed a decrease in properties; polyethylene material seemed to have better properties
than polypropylene.
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:«Lord et al. (11) presented an interesting and complete review of the drfferent degradatlon
processes that decrease the durability of a geomembrane. The.geomembrane may dissolve

i« in the surrounding liquid, if the solubility parameter matches with those of the compounds

of the liquid. ThlS problem is easﬂy avoided by conductmg the tests in the appropriate

e liquide s - s e T

Cor .

HDPE materials are not affected by alcohol or detergents, however, they are moderately
. affected by hexane, toluene, and carbon tetrachloride provoking 'stress relaxation. HDPE
is severely affected (show high stress relaxation) in halogenated hydrocarbon perchlene. It
should be noted that the moderate effect in most hydrocarbons and the severe effects in
halogenated hydrocarbon perchlene will cause more or less stress relaxation in HDPE
materials coupled with creep. ' )

- - - This paper reviews a study done by the Hoecht group on the chemical resistance of

~ polymer in contact with four different liquids: a) aqueous solutions of strongly oxidizing

substances, b) aqueous solutions of non-oxidizing inorganic substances, c) aqueous
-solutions of wetting agent, and d) organic materials. It was shown that the wetting agent
lmay have the tendency to decrease the material’s lifetime. This tendency may even be
more accentuated in swelling agent testing. S T

LOG STRESS

: LOG TIME

'4"‘» . '-/\ ,- . .A~ . - . PIEM A g .

: thure 38 Burst test in presence of di jfcrent chemtcals (I]) o

lf',.. . .,l—.uu

Chemlcal degradatlon 1s one of the mam phenomena affectrng geomembranes (12), since
in most of the liners the geomembrane or geosynthetics materials are in contact with the
leachate, which is very often, aggressive to the polymer.. Many -studies have been

- performed usmg the EPA’ test. method 9090 by companng exposed and non-exposed

samples w1th physical and mechamcal tests The exposure was m drfferent solutrons
duration, and temperatures L e ‘

4rLPEeNT T Py " e e P .
RS T RSO . N . . . i
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Three degrees of degradation are possible:

If no’ degradation occurs, the material has been proven to resist the test condition
(temperature, leachate, duration, etc.) but not other conditions. -

Swelling may occur, which is not a real problem if the phenomenon is monitored
with care, since swelling is often the earlier sign of further degradation. - -

If the physical and/or mechanical tests show degradation, the material is not
sufficiently resistant to the test conditions.

Oxidation degradation is the creation of free radicals that may activate chain scission. The
reaction between: carbon and oxygen atoms creates an hydroperoxy radical, which is
passed around the molecular structure and can lead to cham scission.

The chemical reactions are glven by:

RHO2RO0 i, [3.6.5]

ROO'+RH — ROOH +R .............. e e e — e reanenns [3.6.6]

with R"  =free radical :

ROO" = hydroperoxy free radical

RH  =polymer chain

ROOH = oxidized polymer chain :
In order to prevent this problem, anti-oxidants are embedded within the material, they stop
the chemical reaction; another procedure is to eliminate oxygen from the material and then
cover the geomembrane.

*Bzologzcal ‘
Micro-organisms are potentially harmful when only moisture, temperature, and organic
matter (5) are present simultaneously, which is not the common case in most current
landfills. However, to prevent damage biocides and fungicides may be added to the PVC
membrane.

Biological . stresses are a little less compromising for geosynthetics, since biological
organisms are unlikely to damage the material, however they can clog the drainage system
and deteriorate the whole landfill (2). To prevent the material from clogging, special care
must be taken by using low surface energy compounds, biocides by either incorporating
them in the matena] orby coatmg them, or by ﬂushmg the drainage system.

" Biological degradatlon is the formation of blo-orgamsms (bacteria, ‘actinomycetes, fungi,
‘and algae) that can alter the properties of liner material (12) Polymer degradation is
generally unlikely due to the high molecular weight of the resin, however plasticizers or
additives may be attacked. Also, small mammals may cause physical damage.
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. * Mechanical stress: ;i o >0 :
Mechanical stresses are also very harmful to the material: scratch seammg lmperfectlons
and fabrication flaws may cause crack failures or decrease the creep propertles of the
- material. : b
*Swellmg e : «
. The swelling degradation is functron of the ]1qu1d in whrch the membrane is. exposed
. 'When plasticizers -are extracted, the material tends to shrink. Swelling .is limited in
~membranes embedded with high‘ percentage of plasticizers_since only the polymeric
compound swells Moreover, swellmg is limited by crosslinking phenomena (1).

Degradatlon by swellmg, as seen prev1ously 1s not a very harmful problem and is not
. automatically associated with chain scission. But swelling is a good means to judge the

material durability: the more the swelllng the less the material is susceptible to liquid
absorptlon (12) :

*Radzatzon v . :
Radlatlon degradation .is due to Y and B rays penetratmg and damagmg the polymer
- material.- B .rays penetrate only.the surface (about one mlllxmeter) while the 'y rays may
i penetrate the total thickness (12). .
These radiations are only harmful to polymers at high mtensmes above 106 to- 107 rads,
compared to maximum levels of radiation acceptable for human beings, which is. only 100

* - to 200 rads, Thus, except in radioactive environments,- the ;geomembranes should not

--suffer damage from radiation. However, -even at low radiation levels, small degradations
may. occur especially at the material surface. This degradation may cause: loss of strength
and stress-cracking. P

A -* Aging properties of membranes immersed in leachate: :
-.Surmann et al. (13) carried out two: aglng tests and studied the effect of 1rrad|at10n on
HDPE geomembranes. The immiersion in‘leachate, combined with a light tensile strength
as well as the multifunctional cell test,-did not show important differences between virgin
and aged geomembranes; even the leachate had no influence on the material tested.

- However, the test period was only 2 years; - an increase of this time up to 5 years may give
different results. Comparing the . results: of virgin -and vy irradiated geomembranes, the
effects of irradiation are clearly-apparent: :breaking and branching of the molecular chains
results in the loss of the material’s thermoplastic characteristics, as well as a change in the
atomic arrangement.

- Duquennoi et al. (14) tested:a wide:variety of liner materials to assess their aging
properties. After 50 months of immersion in two different leachates and distilled water at
20°C and 27 months at 50 °C, the materials were tested using uniaxial and biaxial tensile
tests to determine the macroscopic effect-of leachate. They were also tested using Fourier
Transform Spectroscopy, which enables evaluation at the molecular level. Sliced samples
were analyzed under infrared - light 'providing distribution profiles of the compounds.
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However, opaque materials such as EPDM and bituminous geomembranes, cannot be
tested by this method. So photoacoustic spectroscopy was used.

EPDM geomembrane made from an elastomer terpolymer of Ethylene-Propylene-Diene-
Monomer, loaded with additives for protection against oxidation, showed increase in
rigidity but no important differences in tensile properties. No chemical changes were
noticed, even if water was absorbed at the surface of the specimen. It also appeared that
absorption increases with immersion time. Physical modification of material, as cross-
linking, may explain the water absorption and the increase in rigidity of the geomembrane.

SBS/bituminous membranes made of a polyester nonwoven geotextile, impregnated with
bituminous and a Styrene-Butodiene-Styrene Copolymer, showed no difference in
- mechanical properties. Chemical evolution and water absorption’ were noticed in the
leachate and water immersion cases.

PVC membranes with DOP additives are characterized by a material softening in each
direction tested (uniaxial and biaxial tests showed identical results). This softening
phenomenon may be:due to the lubricant effect of* absorbed water in the material.
Plasticizers were - observed varying differently depending on the immersion leachate.
However, it was not possible to determine the effect of plasticizers on the mechanical
properties. PVC with EVA plasticizer showed an oxidation of the plasticizer of a lower
order than PVC loaded with DOP.

HDPE specimens did not exhibit changes in tensile or chemical properties. Nevertheless,
at 50°C a small amount of ester-type antioxidant was lost probably indicating possible
accelerated aging with high temperature. For PP geomembranes, neither mechanical nor
chemical changes were observed.

This study proved the almost identical effect of leachate and distilled water on
geomembrane aging, phenomena associated with very low concentration of organisms in
thé leachate. Accelerated aging occurred at 50°C, but not at-20°C. No chemical evolution
occurred in the polymer matrix, but plasticizers were extracted.

. Acidic, or basic diluted solutions and salts did not degrade the PVC. To prevent possible
effect of hydrocarbons, specific plasticizers need to be used. Since a thicker membrane
incorporates more plasticizers than a thin one, the degradation will be spread over a longer
time.

* Extraction:
The effect of water in the p]aStICIZCI‘ loss process may be neghglble if the correct formula
is used; in this study a rate of 0.8 g/m?/year was observed

~ Extraction may occur long term by the loss of certain components of the compound; the
materials affected by extraction are mainly those incorporating plasticizers or fillers (12).
Extraction is associated with material embrittlement, which is characterized by an increase
of modulus and strength, as well as a decrease of elongation at failure.
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* Combmed effects: R
-:Combined stresses are very harmful to the matenal since chermcal exposure can change
the material composition, the mechanical properties will also change (2). One of the most
serious concerns of combined stress is the stress-cracking caused by a change of chemical
composmon actmg snmultaneously with a mechamca] stress (see stress—cracking chapter).
All the degradatlon phenomena can act sunultaneously, and become a lot more aggressive
to the liner material. Synergetic effects increase the degradation of the material due to
.. elevated temperatures when mechamcal stresses are applied and during long exposure
" (ultraviolét, radiation, chemical agent), (12). Obviously the more simultaneous aggressive
. ,‘parameters, the more the geomembrane is attacked, and the less will be its resistance. ‘

3.6. 7 Assessment of long term agmg through tests
_Cassidy and Bright (15) evaluated the durability of geosynthetics matenals aﬁer 9 years of

)

natural'weathering. PP, HDPE, and HMW uncovered membranes were exposed to field

conditions in the Atlanta region. The results show that chain scission occurs in PP
material, and “cross-linking in HDPE. The changes are -a- function of the quantity of
additives included in'the product; generally the more additives, the more resistant the
-membrane. It 'was also shown that a concentration of 5 % of additives in the total welght
will prevent a large amount of deterloratlon in tensile strength for the long-term exposure.

Carbon black is a very effective means for preventing damage from UV light, a minimum
of 2% by welght will be sufficient. :

- Fayoux et al. :(16) assessed a PVC geomembrane after 10 years of utilization in a
collective waste disposal site. Samples were taken at different locations of the liner, some
samples were exposed to the leachate, some to UV light, and others to contact with
stones. It was noticed that after 10 years the elongation and stress at failure are not
-affected and their values correspond to those at initiation of exposure.

. At the bottom of the pond, the material was affected by a slight increase in modulus. The
critical zone was located at the water table, where the geomembrane was subjected to
simultaneous action of light, wave, and leachate. The loss of plasticizer was about 0.35 %
per year in and outside the water, a value which is not dangerous for the integrity of the
material. The minimum ‘effect of the liquid on the material is explained by the very low
concentration of solvent in the leachate, making the leachate not so aggressive to the liner.

Rollin et al. (17) investigated a 'fseven-year old geomembrane placed in a landfill. After
" seven years of activity, the geomembrane was excavated and tested to assess the effect of
aging. Samples from different: locations were taken and tested for comparison of
mechanical properties (tensile strength, tensile and peel resistance of seam, brittleness of
sheet and seams, and microanalysis of cracks) with those of the initial liner.

Differences between the initial and.the used membranes-properties indicate that aging is
more important at the bottom of the liner.than at the 'slope and cover. The aging is
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characterized by an increase of yield strength, decrease in the tensile resistance at rupture,

and a reduction in the elongation at break.

Seams did not suffer much, since they were only subjected to a decrease of strength of the
order of 5 to 20 percent. Also, no seams were debonded and only 2 cracks were observed.

3.6.8 _ Summary

Haxo et al. (1) summarized the effect of membrane exposure to weathering and waste in

Table 24.

Table 24: Effect of Geomembrane Exposure to Weathering and Waste (1)

Process

Effect on membranes

Weather exposure:

oxidation

- elevated temperature

- ozone

- UVlight

- Loss of volatile plasticizer
- High humidity

Waste exposure:

- Swelling

- dissolving

- extraction of plasticizer

- extraction of anti-degradant
- stress

Combination of waste and weather exposure:

Biodegradation if oxygen is present:

- stiffen and lose tensile strength, elongate,
tear :

- reduction of mechanical strength and
degradation,  generally  stiffen, but
sometimes softens

- cracks at points of strain

- stiffen and crack

- stiffen and can become brittle

- water absorption, leaching of anti-degradakf
resulting in greater susceptibility to
oxidation and UV

- soften accompanied by loss of properties,
including increase 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

1

Haxo et al. (1) summarized the factors affectmg durablhty as follows:

Compatibility factors with waste liquids:
- chemical

108



- physical

e AT
Weathering factors geographzc Iocatton :
- solar radiation
- -temperature .- uic L ad e
- elevated - D e
- depressed '
- cycles and fluctuations

= - water: solid, liquid and vapor .. ¢ .
~-- mnormal air constituents: oxygen and ozone .

Stress factors:
.'stress, sustained, and periodic v .-
- :stress,random: 0 ¢ Cosi e s
- physwal action of rain, hall sleet and snow
- physical action of wind

R .=+ movement due to other factors: settlement

- discontinuity at penetration: ,. <. .-

:Use and operational factors: - .. -7+ 1.
- design of system, groundwork and msta]latlon
- operatlonal practlce
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3.7 Other Problems Affecting Geomembranes Life

The previous sections of this report presented the main problems associated with liners.
This section deals with other important problems that have not been very well addressed in
the hterature

3.7.1 _Contaminated lifespan and stochastic analysis

Rowe and Fraser (1) assessed the long-term behavior of engineered barrier systems and
developed a stochastic analysis: for service life. The lifespan of a contaminated landfill
corresponds to the period during which the environmental hazardous contaminants are
produced by the landfill. It is obvious that to ensure the integrity of the landfill, the
material used, especially the liner and any other material used to contain leachate, must
have a service life longer than the contaminated landfill lifespan.

The contaminating lifespan is a direct function of the landfill rate of infiltration through the
cover. Hence, large landfills with low infiltration rates may have lifespans as long as 600
years, while large landfills with high infiltration rates may have lifespans of the order of
200 years. Stochastic analysis prov1des information on the effect of leachate concentration
on uncertain service life, by usmg Monte Carlo snmulatxon

3.7.2 Residual stresses

Lord et al. (2) carried out an mterestmg and complete study of residual stresses in
geomembrane sheets and seams. Residual stresses are a very likely in geomembranes; they
are induced by the fabrication and placement of the membrane. Those stresses are more
likely to occur in high crystalline polymers, which are often more brittle.

The authors measured residual strains with the drilled hole technique. The results showed
reasonable residual stresses with compressive stresses of about 5 to 10 percent of the yield
value.

3.7.3 Geomembrane uplift by wind

Giroud et al. (3) published a very detailed paper on the effect of wind on geomembranes.
As in airplane wings, a geomembrane is uplifted either by suction or wind flow between
the soil and the membrane, see Fig. 39 for actual geomembrane uplift. Most of the time, an
uplifted membrane will not be damaged but will be either tom, pulled out off its anchor
trench, or ripped off a rigid structure.

Fig. 40 and 41 show the pressure distributions on a geomembrane due to wind for two
different cases.
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Figure 41: Wind blowing over an empty reservoir (3)

The authors presented equations validated by experimental data, relating the maximum
available wind velocity to the required thickness, and strain induced in the geomembrane.
Factors affecting geomembrane uplift are the wind velocity, altitude above sea level, and
location of the membrane in the facility (the crest of a dlke is a more sensitive location
than the bottom). The membrane unit weight is also a very important parameter in the case
of slow or medium speed wind: the heavier the geomembrane the less sensitive it is to
wind effects.

High modulus material will deform less than the low modulus one, but will be affected by
a larger tension. At low temperatures, the geomembrane will deform less but the internal
forces will be greater. The authors also presented different means to prevent
geomembrane uplift. The most effective procedure is to place a protective cover over the
membrane (soil, rock, concrete slab or bituminous revetment). Sandbags spread over the
liners are efficient only for low speed wind.

3.7.4 _Rate of leakage through membranes

The EPA (4) provides a complete report on geomembrane liner leakage, that was based on
studies made by Giroud and Bonaparte (11), Brown et al. (12), and Fukuoka (13, 14). The
report lists the different methods of leakage through membranes, as well as the equations
associated with leakage phenomena.

e Vapor diffusion through intact geomembrane is due to the liquid or vapor pressure
difference on each side of the membrane. This transport takes place only at the
molecular level, since the voids between the molecular chains of the polymer are very
small. Darcy and Fick laws are used to establish the geomembrane leakage rate.

¢ Leakage through holes in gcomembranes is due to the presence of flaws resulting from
pinholes (generally polymerization deficiencies), seaming errors, abrasion and
puncture. The rate of leakage of the leachate depends on the nature of contact
between the geomembrane and the surrounding soil, the worst case corresponds to
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: -“'where

- . ( ) Y Lt
free flow in the case of very. poor contact the better case corresponds to a perfect
contact which decreases the leakage rate.

" The following equations were den'ved:

'For free flow:

-" - . . . v .
[RER L S S LA T

h i+ o
u®), =K (A)-g”—gQ‘

T (k)
, e eeeeeeneees [3.7.1]
where:
qu1 (k) = geomembrane leakage rate by diffusion during time step 1
- Kg(K),., = .equivalent saturated hydraullc conductlwty of geomembrane in

" subprofile k, (mches/day)

Hg(k); = average hydraulic head on geomembrane liner in subprofile k during time
step (I, inches)

Te(k) = thickness of georriernl;rarle in subproﬁle k, (mches)

s e yee
’ il

Free flow through geomembrahe' défeetst |

o  86,400C n,(k)a3,/2gh (k), :
TR q,_,(k), TP r4046.9 - et o SR e

qu(k);— leachate rate through defecta m subproﬁle k dunng trme step I (mches/day)
gy B s e
Cs = head loss coefﬁcrent for sharp edged onﬁces O 6
nmy(k) =installation defect density for subprofile k, #/acre
a3 = defect area, 0.0001 m’

hy(k); = average hydraulic head on geomembrane liner in subprofile k during time
step 1, (inches)

For pinholes in geomembrane with perfect contact:
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an, (K)K, (k)h,(k),0.04
6,272,640

q.,(k), =

where:
qu2(k); = leachate rate through pinholes in subprofile k during tim_e step I, (in/day)
Ny(k) =pinhole density for subprofile k, #/acre

K(k) =saturated hydraulic conductivity of soil layer at the base of subprofile k,
(in/day) )

a3  =defect area, 0.0001 m?

hy(k);i = average hydraulic head ori geomembrane liner in subprofile k during time
step I, (in) ' o

0.04 = diameter of a pinhole, 0.04 in
6,272,640 = units of cdnversion, 6,272,640 in? per acre

Leakage can occur vertically through the membrane or flow horizontally in-between layers
of geomembranes and soil, causing soil erosion, Fig. 43.

Shivashankar et al. (6) reported experimental determination of flow patterns in geonets
and presented new design formulation. The work was based on previous study by Giroud
(7,8,9,10) who formulated an expression for the rate of leachate through liners. The

.~ . .experiments were done using a box mounted on a tilt-table, a constant flow was ensured

by a system of tanks, Fig. 42. This study presents a new methodology for prediction of
more accurate values of wetted areas in the geonet due to top liner leak, and also provides

- information on the probability -of zero leakage into the ground. Finally, the authors

developed modifications for the Giroud equations.
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Figure 43: Horizontal flow between the soil and the geomembrane (4)

To conclude this section, reference must be made to the paper “Geomembrane Liners:
Accidents and Preventive Measures™ by Giroud (5), which summarizes all the problems
that a geomembrane liner may encounter. The geomembrane deficiencies are listed for the
different stages of the membrane life: manufacturing, fabrication, transportation, storage,
placement, seaming, and placement of the material on geomembrane. The causes of the
defects are listed for each stage.

Then the characteristics of the aging process are listed as follows: blistering, delaminating,
cracking, increase of stiffness, shrinkage. The causes for induced distributed and
concentrated stresses are as follows: uplift by wind, earth slides on slopes, erosion of



ground supporting the liner, punctures, abrasion, and tear. Finally the measures to solve

the problems are outlined. ~
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4 Design, Construction, and Quality Program

4.1 Design

. Koemer (1), devotes a complete section of h1s book to the design of landfill liners with

‘ s "geomembranes ‘The design consxsts of the ‘following steps site selection, geometncv

: layout geotechmcal cons1deratlons, “cfoss-section determmatlon geomembrane ‘material

. selection, thickneéss’ detexmmatton “side-slope and cover soil ‘details, anchor trénch details,
_fseam type decision,’ seam testmg stxategy, de51gn of connections and-appurtenances, leak
“scenarios and corrective’ measures, {proper MQC (Manufacturmg Quality Control) and

.CQC (Construction Quality ‘Control),-and finally proper MQA -(Manufacturing’ Quality
Assurance) and CQA (Construction Quality Assurance). The author prov1des detailed
- - information on the different aspects of the lmer desxgn, and also summarlzes the 'different -

""" problems to consider during design. -

Richardson and Koerner (2) summanzed thc problems assoc1ated thh the deSIgn of liners,

~ G = specific gravity

T = thickness
- Callow = allowable strength ™

,,,,,,

T= shear strength i
1 = impact resistance
e Op = puncture strength

8, =friction with material above

L “”'Table 25 S - R K
Table 25: Problems Associated with Liner Design (2) =~
Problem ‘Liner Stress-* | : ' .. Required Properties- - Typical Factor
: coea et s o ev] iGeomembrane - Landfill -.;: - :|;- - of Safety
Lmer self welght tensile G, t, Galtow, OL B, H- it 10 to 100
Weight of filling tensile . - -. | t, Cuiow, 0,8 .| -B,hHy 0.5 to10
----;=| - Impactduring | = impact -1 . D,wW. .. . 0.1to5
..'_":'v construct]on - S SECRe s IRTMNE o SR t
' Weight of landfill | > Compression |~ Guon vH |5 10t 50
- Puncture ‘puncture 7| Y U gp B H, P A, +0.5to 10
' “Anchorage tensile’ " | t, Gallows OL, Ou B,v, ¢ » 0.7t05
 Settlement of shear 17,8, B,v,H -10to 100
"landfill ‘ " :
Subsidence under tensile t, Gattow, OL, Ou, o7, H '0.3t010
landfill e . ;
, EIR
where: )
Geomembrane properties: P Landﬁll propertxes i

..B=slope angle ", ',

H = landfill height

~ y=unit weight. -

h =1ift height

.- 0= subsidence angle
o= fnctlon angle-

d = drop height ... . ‘




W,=weight . .
P = puncture force
A= puncture area

&, = friction with material below
X = = mobilization distance

_ Giroud et al. (3) descnbed a design method based on stram calculatlons Geomembranes
are usually not structural elements so it is more convement to base the de51gn on strain
 than stress. The first step, is the determmation of the maximum allowable strain €max. Emax
separates the safe part from the failure part of the membrane behavror For HDPE, €pax
corresponds to the yield strain. This, value may be determrned using a biaxial test. In order
to obtain a correct factor of safety, it is necessary, to obtam an accurate Emax.

The second. step is the determmatlon of the effectlve stram accountmg for the stress
concentration factor. Strains are induced by deformatlon of the membrane due to thermal
contraction, differential settlement, etc. :

Finally, the factor of ‘safety was obtained by caiculating the ratio of the maximum
allowable strain to effective strain. Obviously, to ensure proper use of the membrane, the
factor of safety must be_larger than the one selected by the designer.

4.2_Safety Analysis

Heibrock and Jessberger (4) presented a safe‘ty analysis for a composite liner system,
explaining the different properties that a safe lmer should feature. These properties are
listed in Table 26: :

Table 26: Requirement of a Safe Liner System (4)

Requirements Properties that need to be checked Site specific influences
Imperviousness a) Permeability of the liner systeni ‘¢ hydraulic gradient
‘ hydraulic conductivity, diffusion | e kind of pollution
coefficient, retention capacity e amount of soluble pollutant
l e concentration of pollutant
in solution
e temperature
If a composite liner
b) Sensitivity of the system to | considered:
Pollutant migration | imperfections e kind ofclay -
through the liner system e _ zone of higher permeability
should be' Fompmble to e . deformation or desiccation
that for a’' definable
e e overburden loads
standard size
Stability ' Shear resistance Mechanical influences:
Cohesion (residual/non resrdual e - forces resulting from
The liner system should be | values) - "1+ 'deformation
stable with' respect to the o forces resulting fro
mechanical influences * overburden  loads anB‘H
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without significant change
in its leachate behavior

inclination
o forces resulting from
construction procedures

Resistance

| If .proved that the‘lir.ling

system being exposed to
the site specific influences
is . _still ~-stable . -and

| sufficiently impermeable.

’V‘: :t-l-‘

Combination of influences

should be considered

Resistance to leachate
Resistance to gas

0
aealew e
ttls

Resistance to temperatures . -

ot
-\

o de g

Hydraulic resistance

-~ | Resistance to exposure

Chemical influences:

| ® kind .of composition of

..leachate
o duration of exposure

Thermal influences:
e - low/high temperature
e . duration of exposure

hydraulic influences:
o forces resulting from water
. movements

e -climate, hydrogeology of

" -the site " :..

The authors also presented the drfferent criteria llsted below to
' v]mer o Cnd . ~

. Descnptlon of the lmer system:

._‘.."7 7"‘_,_ ‘ N

e
0 VAL

ensure the safety of the

Design of liner system, description of the materials and functlon of elements.
Deﬁmtlon of requlrements for the liner system and its elements. ‘

Tiere oy
IS IR TRV SN

e Description of the basic ]andﬁll ‘concept: -

Type, amount, and geotechnical parameters of the waste, geometry of the waste
¢ disposal facility, hydrogeology :and climate of the site, basic description of the

- operation” phase’ (biological"treatrnerit duration: of waste'~ placement, time of
placement of the cappmg ‘system, etc) mamtenance b -

~ - . Y . - R
A St i i v o A

¢

Assessment of the controllmg factors: ,
Quiantification ‘of the - controllmg mechamcal thermal chemrcal brologrcal and
- hydraulic factors with ‘Tespéct to:construction, operation, and the post-operation
phase. Simplifying and idealizing assumptions may be necessary.

Description of the time-dependent development of the properties of the liner system

Proof of the stability of the liner system

Analysis of material properties after construction
Interpretation of test fields, description of varying properties
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¢ Analysis of the leakage behavior of the liner system - soee :
' Description of contaminant migration with respect to the assessed mﬂuences and
the material properties after construction.

e Description of a monitoring program
Documentation of the operation phase, measurements to check the assumptlons
concerning the controlling factors.

As an example, the safety of a composite liner system made of HDPE geomembrane layer
associated with a clay layer was studied. By analyzing the properties of the geomembrane
and clay, before and after construction, and the assessment of the leakage behavior of the
system it was concluded that this type of lmmg system (composxte HDPE and clay) was
. very safe.

The estimated safe life of this lining system is approximately 80 to 100 years for the
geomembrane, if no mechanical stress is induced by different mechanisms such as
movement at the interface of the waste/geomembrane.

4.3 Construction/Installation : '
Voskamp et al. (5) listed the problems occurring during the installation of a liner. Those
problems can be attributed to two separate causes: improper design and/or improper
execution. .

Problems due to zmproper design: :

- The soil supporting the liner may cause a certain number of problems, depending on
the degree of compaction, geometrical shape, or the presence or absence of a crust
layer. :

- The geomembrane is placed as a safety feature in an already desxgned system; the
design of this system does not include the membrane, which can lead to a component
that is exposed to a load larger than its capacity.

- Wrong installation can be extremely harmful; for example leavmg a membrane exposed
to sun radiation will damage its structure. ,

- Wrong requlrement of the condition of the fill over the membrane may induce damage,
since excessive compaction will increase the stress inside the material possibly leading
to rupture.
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.. Problems due to improper mstallanon P -

- The use of prefabricated sheets seems efﬁc1ent as 1t reqmres less seams, but a major
drawback is the difficulty to handle the roll which can weigh as much as 1500 kg.

- Exposed membranes will be damaged by weathering action, so they should always be
protected from exposure.

- Installation not in accordance with the specifications, such as uncontrolled dumping of
stone on membrane should not be allowed.

- It is possible that a different geomembrane from the specified one is mstalled which
can lead to catastrophic consequences since the properties may dlffer totally. To
prevent this problem the whole membrane roll should be marked.

- Damage ‘during installation. may result from eqmpment driven drrectly on
‘themembrane, use of impropér equipment (too heavy), improper handlmg of the

’ membrane or uncontrolled dumping of fill.

The book “Geotextiles and Geomembranes in Civil Engineering” (6) treats the design of
geomembranes. The problems to be taken care of during the design are explained, and
equations provided to determine ‘the beanng capacity of the geomembrane submitted to
normal, tensile, and shear forces Also listed ‘are the different failure mechanisms affecting
the membrane’s life, which can be avoxd by proper design. These failure parameters
(chemical attack; mlcro-orgamsms, UV radiation, etc.) have been addressed in chapter
dedicated to geomembrane aging.

The authors also present some specific aspects for geomembrane installation: as indicated
many times, the process of member fabrication and installation must be carried out with
the greatest care to minimize the damage that may be induced. The ground on which the
membrane is laid down must be stable, uniform, and free from sharp objects. The soil
should also be umformly compacted, using a Proctor test to verify the soil density. The
installation site must be clean and free for easy access of the workers and eqmpment

Durlng the laymg of the prefabricated sheet specxal care must be taken to ensure that it is
the correct side of the sheeting that faces up, also the sheet must be placed without tension
or folds, and anchored properly The ‘sheet should be at least 5 m wide to minimize the
seam arcas. The seaming must be done careﬁllly to decrease the possibility of flaws (the
chapter dedlcated to seams prov1des more detailed 1nformat10n)

The membrane mterface condmons should ensure that no stress concentration is induced
(smce settlement dlfferences mduce stress concentrations). A good solution to prevent this
problem is to a-use ﬂex1ble membrane, which can absorb the differences in settlement.
Damaged geomembrangs or seams can be reparred with a patch large enough to cover the

AN

flaws. -
Fig. 44 to 46 give examples of some details that must be considered during design and

construction. Fig. 44 presents the détails of pipe penetration emphasizing the manner with
which the liner covers the pipe and is attached to both the soil and pipe. Fig. 45 shows the
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set-up of a roll spread bar that should be used when lmmg the geomembrane. Finally, Fig.
46 presents aU anchor trench of 15* deep x 2°.".

\

Fabrication details:

Bxdrusion Weld (Typicall

Stainless Steel (flamp»

- Closad Cell
Neoprane
Gaskets

— Soe Datail
Below -

Figure 44: Pipe penetration (13)

J
UPTING CABLE, -
; / ATTACH TO FRONT-END LOADER BUCKET -
. OR PLACE 1-BEAM ACROSS LOADER BUCKET
cHamy .
o ke
STEEL PIPE -
Figure 45: Roll spreader bar (13)
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Figure 46: ﬁﬁchoi' trench (13)
4.4 _Quality Control
Inspections of the correct installation and functioning of the liner must be based on quality

control (QC) and quality assurance (QA) criteria. Koemner (1) has defined the differences
between the tools used for quahty control

?

- Manufacturmg Quallty Control (MQC) 1s a planned system of inspection specifically
used for the control and momtormg of a product fabrication, usually followed by the
geomembrane manufacturer.

- Manufacturing Quality Assurance. (MQA) is a planned system of activities assuring the
proper manufacturing of product Vis-a-vis the specification document. This includes -
fabrication facility inspection,’ .verifications, audits and inspections of the raw material.

This is also the responsibility of thé manufacturer.

- Construction Quality Control:(CQC) is a planned system of inspection used to control
and monitor the quality of a construction project by the gecomembrane installer.

- Constructlon Quahty Assurance (CQA) is'a planned system of actmty assurmg that
the facility is constructed according to the design.
e 4
In order to optlmlze quahty contf)ol it is necessary to assocxate MQC/CQC and
MQA/CQA., since MQA/CQA w1ll a]low the detectlon of ﬂaws occurrmg during the
MQC/CQC phase.
~ Fig. 47 presents the structural orgamzatlon of MQC/CQC and MQA/CQA
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Figure 47: Structural organization of MQC/MQA and CQC/CQOA (14)
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‘The three basic components of a proper CQA program have been described by Giroud and

Peggs (7) as follows:

- Conformance verification whlch ensures that the dellvered geomembrane meets the
spec1ﬁcatlons

- Integrity verification, which ensures that the geomembrane is, mstalled to conform to
the design and installation specifications.

- Survivability verifications, which ensure that the membrane will fulfill its functions in
the expected time period.

Before shipping the geomembrane rolls to the installation site, a CQA plan must be
adopted, and the following actions must be implemented:

- Visual inspection of the rolls.
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- Carry out tests following the QC plan and sign the QC report to indicate the material
conformity '

"~ - Remove and submit samples to ‘the testing laboratory

- Monitor the loading ‘of the.roll for transport, only approved rolls should leave the

plant. : -

Peggs (8) suggested the additional procedures to complete a CQA plan for the mstallatlon

of HDPE. Those will reduce the stress cracking phenomena that mamly affect HDPE

material:

- The slackness criterion must be incorporated into the design and constructlon of the
liner, the amount of folds, and wrinkles must be minimized to a number close to zero.

- Damaged or improper seams must be repaired by extrusion seams, since it has been
shown that re-seaming does not reduce the stress cracking resistance of the member.

=" During the grinding operation, no defect larger than 10% of the sheet thickness must

" beleft. .

- Peel tests must be carried out on double hot wedge seams.

To ensure the proper design, installation, and functioning of a geomembrane, the

following procedures must be carried out:

At the design stage: co
- Select the two best geomembranes based on stress crackmg and seam propertles
- Select the best two based on chemical compatibility .-~ ;-
- Chemical resistance evaluation must include both thermal and chemical structural
analyses. . : . ;

" At the pre-constructlon stage

-~ Monitor production and QC .testmg in the p]ant \
- Perform testing before the rolls leave the plant .

At the construction stage: .. .. - s i '
- Conduct destructive testing of the seams, and assess the shear and peel resistance
of the seams
-. - Carried out non-destructive tests.on seams: vacuum box, air pressure, ultrasonic,
or electrical survey methods A SR

- At the post-construction stage: . . ...
- Conduct an electrical survey to detect holes in the geomembrane under drainage/
protective soil cover

A report by the Solid Waste Authority (9) lists all the factors that need to be taken into
account in the fabrication and installation of a liner with minimum flaws.

A I
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Geomembrane quality control documentation:

A meeting should be convened before the commencement of the work with the
following participants involved in the installation of the liner:

- owner’s representative

- field installation manager

- installation manager

- master seamer

- contractor’s representative

- engineer’s field representative

- quality control laboratory representative

- quality control technician

The following documentation should be kept on site during the project duration:
- start-up

- liner pre-delivery

- liner delivery

- daily checklist

- geomembrane panel placement

- onsite geomembrane welding report

- damage and failure report

- post installation check list

- daily field log

Qualifications of the personnel:

- The manufacturer must have proved his/her ability for the production of the liner:
5 years of continuous experience and fabrication. of a minimum of 50 million
square feet. The company should be certified and registered by NSF standard 54.

- The installer should be the manufacturer or an approved installer.

Packaging and shipping must be carried out with great care to prevent damage to the
geomembrane.

The rolls should be stored properly to protect them from puncture, dirt, yearn, water,
moisture, mechanical abrasion, and excessive heat.

The manufacturer should warranty the material against manufacturmg defects for an
exposed period of 20 years. ‘

The contractor should provide a two-year warranty against installation or
workmanship defects.

The material should be made of new prime first quality product. No pinholes, holes,

blisters, or flaws must be present in the material. The rolls should be at least 22.65 feet
seamless wide and labeled.
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Extrudate welding rods must be of the same compounds as that of the raw material.

B T

The quality control documentation should comprise the fo]lo\ving:

- ongm identification and production of the resin

.2 = copies of quality control certificates issued by the resin suppller

- Manufacturer’s certification verifying that the quality of the resin used for the

fabrication meets the specifications.

- = Identification . of information - for.. each- roll:- manufacturer name, -product

identification, thickness, roll number, and dimensions.

© = Quality control certificates:featuring -identification number, samplmg procedure

frequency, and test results

Bl TR T GRS S O

7Conformance testing (thickness,. density, tensile properties, tear resistance, carbon
*black content and dispersion) must be carried out by an mdependent quahty assurance

laboratory. NE

* The surface sub-base must be smooth and uniform, without depression or protrusions

!

7 larger than one inch, free from’ rocks stones, or debns No water must be present
i durmg mstallatlon and seammg : [

Vorin o . ‘ o
i

“The installation of membranes should be done in the temperature range of 40 °F and

104 °F, and no installation should be done during precipitation, excessive moisture, or
excessive wind.

P P SN
s oY Foe 1L

o 'I'ne" panels must be rolled out ‘and installed in accordance with the approval shop

" drawings, ensuring that the {seam_s"arefberpendicular to the .top “of the .slope. The
“engineer’s field representative ‘should inspect each panel, after placement and prior to

seaming, for damage or defects. The sheets must not be dragged on a rough 'sub-base.
The geomembrane must be anchored - according to the drawings. The personnel

o ‘workmg on the liner should not smoke, ‘wear damagmg shoes or mduce any damage

T TR RIS

“The edge of the' membrane sheet must be bonded w1th welghts to prevent uphﬁ by
* - wind. No vehicular traffic on'the’ geomembrane should be perrmtted All equipment

must be placed on a protective layer; ‘and must not remam on the geomembrane
overnight. : - :

Seaming must be done in the temperature range of 40 °F and 104 °F.

The field quality control consists of a start-up test to assess the seam quality and tune-
up of the seammg equnpment Then non-destructive seam tests must be carried out on
each seam using vacuum or air pressure tests. Finally, destructive seam testing must be
carried out: one test sample per 500 feet of seam length; the location should be chosen
by the engineer’s field representative.
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e Any flaw in the liner must be' repaired as required by the engineer. The repair
procedures include patching, spot welding or seaming, capping or replacement of seam
with a strip of material welded in place.

* Any large wrinkles resulting from temperature expansion must be removed. To do this,
the lower down-slope edge of the wrinkle should be cut, overlapped, and repaired.

Giroud and Peggs (10) presented an overview of the construction quality of geomembrane

liner and summarized it in three steps:

- Verification and documentation by conformmg tests that the geomembrane meets the
specifications

- Verification and documentation by a number of momtormg operations, that the
geomembrane is installed in conformance with the design and installation, and
verification and documentation that the adjacent materials next to the geomembrane
are placed according to the specifications.

The paper describes in detail the different steps and actions required to follow a correct
quality assurance plan. The CQA operations are documented and compiled in a final
report including, data, in situ. reports, observations. and records taken during the
construction of the liner. An important part of this paper is dedicated to the seams, the
- mechanisms associated with seam failures, how to prevent those failures, and the different
tests that establish the characteristics of the well being of a seam. -

A CQA plan may vary from five to twenty percent of the cost of the material and
construction of the geomembrane. However, this additional cost is justified by the increase
of geomembrane and installation quality that decreases the material defects by a factor 30.
The CQA plan allows a safer installation vis-a-vis the environment, which is probably the
most important advantage of the plan even at relatively high cost.

Landreth (11) presented in detail the different type of seams, their uses, properties and
applications to provide the required information for a proper QA/QC program (see
Chapter “Seam” for more details). The EPA developed a quality manual to be followed for
the proper design and installation of geomembranes. It has been proven, effectively, that
the use of a QA/QC program during installation will significantly decrease the amount of
leachate leakage in the landfill.
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4.5 Cost of Quality Control SR
- The ‘cost of CQA and the different liner components have been summanzed by Shepherd
' et al (12) and are presented in Table 27

Ty . Ty R '.1’:).'1.‘ L it ‘, f

Table 27: Typncal Range of Quahty Costs (12) -

TYPICAL RANGE OF COSTS

Independent CQA: :.: %>+ -+ v

single composite liner
double composite liner -

$31 000 - $74 000/ha
- $52 000 - $121 000/ha

1.5 mm HDPE liner

$42 000 - $62 000/ha

GCL

$52 000 - $74 000/ha

;' Extra Sump Liners i~ - .«

-$1 000 - $5 000

‘Detection System, Sumps -

-+ .$15 000 - $30 000

- ' -Extra Liner Under Pipés® ~*: .+ @~ - -$25 000 - $49 000/ha
30 cm Compacted Clay $12 000 - $62 000/ha
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5_Life Prediction

5.1 Viscoelasticity

Plastics are viscoelastic materials, with deformation and strength properties varying with
temperature and duration of loading. They are also affected by certain environmental
conditions. As the name implies, viscoelastic materials respond to stress by superposition
of elastic and viscous elements. The springs in the highly simplified model of Fig. 48
represent the elastic elements of a polymer (e.g., chain rigidity, chemical bonds, and
crystallinity), each spring having a different constant that represents a time-independent
modulus of elasticity.” The dashpots represent the viscous fluid elements (e.g., molecules
slipping past each other), each having a different viscosity or time-dependent response.

When a constant load is applied and sustained on this model, it results in an initial
deformation, which continues to increase indefinitely, Fig. 49. This phenomenon of
continuing deformation, which also occurs in concrete, soft metals, wood, and structural
metals at very high temperatures, is called creep. If the load is removed after a certain
time (say, at point t; in Fig. 49), there is a rapid initial strain recovery, followed by a
continuing recovery that occurs at a steadily decreasing rate; in this model the recovery is
never complete. However, if the creep strain does not cause irreversible structural
changes and sufficient time is allowed, the strain recovery will be almost complete. The
rate and extent of deformation and recovery are sensitive to temperature, and can also be
influenced by environmental effects such as absorption of solvents or other materials with
which the plastics may have come in contact while under stress. An analogous response
of viscoelastic materials is stress-relaxation. The initial load required to achieve a certain
deformation will tend to gradually relax when that deformation is kept constant, Fig. 50.
Initially, stress-relaxation occurs rapidly and then steadily decreases with increasing time.

HDPE is a viscoelastic material for which the history of deformation has an effect on the
- response. For example, if a load is continuously applied, it creates an instantaneous initial
deformation that then increases over time. The stress and strain are related by a modulus
that depends on the duration of load and magnitude of the applied stress at a given
temperature, Fig. 51. Viscoelastic behavior becomes nonlinear at high stress or strain or
clevated temperatures, exhibiting logarithmic decay of the modulus over time, Fig. 52.
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e "

Creep, expressed ° in’ terms of the mcreasmg compliance contrlbutmg to increasing
deformation, (i.e. loss of stlffness), and créep-rupture, expressed in terms of decreasing
" life with increasing stress and temperature, are important parameters for life prediction.
The transition from ductilé to bnttle behavmr enables the realistic estimation of life from
the creep-rupture plot.
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¢ = Delormation
t = Time

 Figure 49: Viscoelastic response, creep (constant load)

5 = Stress
t = Time

t

Figure 50: Viscoelastic response, stress relaxation (constant deformation)
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Figure 51: Constant stress-strain time coordinates (1)
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Modulus

.
“Uut e oo Figure 52: Schematic of the viscoelastic behavior of polymers
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" Woods et él."(é)' c'dﬂdilétéd:tenélilé' creep-rupture testing on HDPE pipe material, based on

ASTM D 638, and observed the occurrence of the ductile-brittle transition at a very early

. stage with a high stress level; no “knee* was seen in the tensile stress vs. time plot.
e T L SR Trome R

AT L

[
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* “The predominant tode of prematiire failure of thermoplastic material, as indicated earlier

" is’ quasi-brittle ‘fracture, initiated “at ’stress concentrating surface’ notch ' geometries,

. imperfections - (initial ‘piripoint depréSsions, etc.) ‘and/or unexpected “point - stresses.
"' Prediction of life; based on ‘only long term ‘material properties, ignoring the geometry,
" would ‘overestimate the ‘predicted life. The creep and creep-rupture schematics for life
* prediction are shown in Fig.'53. "It is necessary to identify unexpected failure-initiating
. defects, and to understand at what rate induced cracks will propagate,-and how much they
. affect the reduction of service life. '
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Figure 53: Ci reep-ri»lptu.r'e behavior for semi-crystalline polymers (2)

5.2 Life Prediction

There is an identified need to investigate the-long-term.behavior in relatively short
laboratory time scale, by evaluating the effect of soil degradation mechanisms at field-
related temperatures and stresses, compounded by synergistic effects, with accelerated -
- testing, high stress, elevated temperatures, and/or aggressive liquids.

It is noteworthy that the type of thermoplastic niateﬁal qniilif cation testing, used for
natural gas distribution piping has very effectively screened out one failure mode; ductile
failure. This has been done by testmg of pressunzed plpe at tempemtures and pressures
that are well above the expected operating, conditions.- Because of the strong time and
temperature dependence of polyethylene and other thermoplastlc materials, it is both
possible and necessary to accelerate the failure mechamsm The key is the use_ of time-
temperature shifting functions that can rehably connect ‘high temperature/lngh pressure
performance to actual service conditions.

The long term properties can be predicted based on viscoelastic behavior: i) the time-
temperature (WLF) superposition (3), which describes the equivalence of time and
temperature, ii) the Arrhenius equation (4), which describes the temperature dependency
of the degradation reaction on time and temperature, iii) the rate process method,
describing which curve fits time-to-failure test data at elevated temperatures to enable
predictions of times-to-failure at lower temperatures (5), and iv) the bidirectional shifting
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method (5). Ahn and Reddy (8) have illustrated the application of WLF, Arhenius, and
Bidirectional Shifting Methods for HDPE piping.
5.2.1 _WLF Method "
. Based on the time-temperature (WLF) superposmon principle, for each of the three load
levels, creep curves are plotted for different temperatures, and superposed by horizontal
shifts along a logarithmic time scale fo give a single curve covering a large range of times,
termed a master curve. The shift factor, a !, is function of temperature and described as
follows: I

log a.r';= [-C1 X (T-TD]/ [C2 + (T-Tp)].cevvverrreenee [5.1]

where,

ay' = shift factor

Cj and C; = universal constants, whlch vary from polymer to polymer
Ty = reference temperature

T = absolute temperature.

The extended time-scale master cirve enables the: determination of the long term
mechanical properties and service life, Fig. 54 (3). Fig. 55 shows the three master curves
(modulus-time curves at three different stress levels) obtained by time shifting. The
extrapolation equation for any other loading condition will be determined, similar to the
procedure used for the Hydrostatic Design Basis (HDB) test described in the ASTM
Standard D2837.

L
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Figure 54: Master curve from experimentally measured modulus-time curves various temperatures (3)
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Figure 55: Master curves at different load levels

3.2.2 _Arrhenius equation - _
A considerable amount of data shows that the rate of most chemical reactions has a strong

dependence on the temperature and the concentration of reagents involved. In fact, such
dependence can be used advantageously to develop relationships, which can be used for
extrapolation purposes. A common form of this important extrapolation tool is as
follows: '

I (Vt0)=(Bact/R)(L/T = 1T} errerrerrerreeresressrerseereee [5.2]

where

t=time to given strength loss, usually 50%, at the test conditions
T=temperature of the test environment, in °K

to=time to the same given strength loss as for t, but in the in-situ environment
To=temperature of the in-situ environment, in °K

R=universal gas constant, which is 8.314 J/mole

Eact=effective activation energy, J/mole

In the Arrhenius plot, degradation is plotted as the logarithm of the reciprocal of time
versus the reciprocal of temperature using the previous equation. A schematic plot is  \/
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provided in Fig. 56. It is noted that the temperature has an exponential effect on the time

- required for a specified lével of degradation based on this model, and the data used in the

previous equation is obtained at a constant level of degradation (indicated by the modulus
decay) in the material. The extrapolation for failure time is similar to that used in the WLF
Method. The WLF method and Armhenius equation-based analyses. are accurate for

- amorphous polymers, but catastrophic failure that occurs at ductile-brittle transition make
the prediction difficult for semi-crystalline polymers. This problem should be addressed,
- and the life predictions given by.the two methods compared, and their equivalence studied

using the procedure devqloped by (6). - - .

Predicted Portion
of Curve

Inverse
Reaction
Time
(st) ~

~

\High Temperature l Low Temperature
(0.0 Ladoratory Tests) I tep Site Specinicr . N

Inverse Temperature (1/T)

Figure 56: Generalized Arrhenius, for a specified stress level, used for life prediction from super-
ambient temperature experimental data (7)

J.2.3 Rate Process Method (RPM)

The conventional time-temperature shifting procedure for pressurized pipe is the rate-
process method (RPM) which, in essence, curve fits time-to-failure test data at two
elevated temperatures to enable predictions of times-to-failure at lower temperatures. The
time to failure for thermoplastic pipe depends upon the operating temperature and the
induced stress. The RPM has been used by the gas industry to extrapolate design
parameters at the operating temperature from elevated temperature-based hydrostatic
pressure tests of pipes (4) and (5). RPM, that has evolved from analyzing numerous test
data, assumes that the time to failure is governed by an Arrhenius relation wherein the
activation energy varies linearly with the logarithm of stress (4) and (5).

The RPM equation for the time to failure, t;, at the absolute temperature, T, and hoop
stress, ©, is expressed as follows: :

108t = AHB/T)H(CITYIOZO e eveeeemrerreeeseressseemsesssssssassasses [5.3]
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An implication of this equation is that the data plots as a straight line in the logt-logo
plane. The fitting of the previous-equation requires that time-to-failure data be available
for a minimum of two temperatures.

1

3.2.4 _Bi-directional shifting method (BSM)

The bi-directional shifting method was introduced by Popelar and al. (5), as an alternative
" method to predict geosynthetics material’s life. In this method no curve fitting is needed
enabling a single data point, which represents any viscoelastic phenomenon determined at
a given test temperature, to be shifted to another temperature.

Based on the time-temperature superposition principle, the horizontal and vertical shift
functions, ar and br, respectively, are given by the following equations:

ar = €XP [-0.109(T-T)- e vermeeeeeseeeerreesreereeeemesneenne [ 5.4]

br=exp [0.0116(T-Tp)].ceurerereieieriiiiniiiiiierarnnneen [5.5]
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6 Conclusions

Based on the revrew the followmg conclusions are drawn for cost-effective use of landfill
liner systems for long-term performance.

1) Creep can be consrderably reduced usmg a resin, Wthh is moderately affected by creep,

~ and by proper design that limits the hrgh stresses in the geomembrane ‘

2) Stress Cracking, the brittle fracture of a geosynthetic material under significantly lower
stress than the material yield strength, can be minimized by usmg a UV and chemical
resistant-resin and limiting high stress in the liner.-

3) Static puncture, due to weight of the waste, can be prevented by using protective layers
made of geonets and rounded soil particles, as well as stiff and thick géomembranes.
Dynamic puncture, due to the fall of objects durmg construction, can be avoided by
considerable care in construction (skrlled workmanship is requlred) :

- 4) Seam problems, mamly crackmg, can be prevented by using proper ‘equipment, proper
seam geometry, adequate’and constant temperature, skilled- workmanshrp, and flaw
inspection soon after the seam is completed.

5) Seismic and general stability of the landfill at the liner interface can be minimized by
using a rough, stiff material ‘under high vertrcal pressure and by eliminating leakage at
the interface level, since liquid decreases thé shear properties of the interface.

6) Aging of geomembranes due to environmental conditions, such as temperature, UV,
‘oxidation, and chemical agents, can be prevented or reduced by using proper material
w1th adequate precaution to eliminate damage before 1nstallatxon

Quality assurance and quality control procedures need to be developed and followed
strictly to ensure safety of the liner systems. The cntena for design, construction, and
maintenance are listed below:

a) Design: Design a liner system with a composrte liner made up of a geomembrane to
prevent leaking, geogrids for leak collection; and a protection layer, comprised of either
geosynthetics or fine aggregate material, to prevent puncture damage. Each material
must be carefully chosen to reduce the creep, stress cracking, and aging phenomenon.

b) Installation: Proper construction should be done with great care by skilled workmen
and supervised following the design specifications.

c) Monitoring: A proper and very detailed quality control plan should be followed
throughout the entire life of the liner and landfill, to monitor the long-term performance
with respect to liner integrity and landfill stability. This will significantly reduce liner
damage-related risks.
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