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Figure 3.9. Photograph of typical failed specimens of tensile tests on unaged GMs:
(@) 1.5mm machine direction, (b) 2.0mm machine direction, (c) 2.5mm
machine direction, (d) 1.5mm cross-machine direction, (e) 2.0mm
cross-machine direction, and (f) 2.5mm cross-machine direction
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Figure 3.10. Variation in time to failure (plotted as normalized failure time to the
initial value) vs. ageing time during stress crack resistance tests at
85°C for the 1.5, 2.0, and 2.5mm geomembranes.
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CHAPTER 4

ANTIOXIDANT DEPLETION FROM AN HDPE GEOMEMBRANE

UNDER SIMULATED LANDFILL CONDITIONS

4.1. INTRODUCTION

A modern engineered landfill basal liner system typically consists of, from top to bottom,
a granular leachate drainage/collection layer, a needle-punched nonwoven geotextile
(GT) protection layer, and a geosynthetic composite liner, typically comprising a 1.5 or
2.0mm geomembrane overlying a geosynthetic clay liner (GCL) or compacted clay liner
or both. Because of their excellent resistance to advective flow and diffusive migration of
inorganic contaminants, high density polyethylene (HDPE) geomembranes are
extensively used as part of a composite liner in modern landfills (Rowe et al. 2004; Rowe
et al. 2007; Bouazza et al. 2008; Brachman and Gudina 2008a,b; Saidi et al. 2008).
Although, the long-term performance of geomembrane liners under field conditions is
unknown, the contaminating lifespan of the landfills is likely to be centuries (Rowe et al.
2004). The geomembrane should perform adequately as an effective hydraulic and
diffusive barrier throughout the contaminating lifespan of the landfill. Some field
investigations (Schmidt et al. 1984; Brady et al. 1994; Rollin et al. 1994; Maisonneuve et
al. 1997; Rowe et al. 2003) provide evidence that the HDPE geomembrane may

experience ageing or degradation with time.

HDPE geomembranes may undergo degradation due to oxidation, extraction,

biological degradation, ultraviolet degradation, and thermal degradation. Among these,
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oxidation of the polymer is considered to be the most significant degradation mechanism
(Hsuan and Koerner 1995). With the progression of oxidation, the physical and
mechanical properties of the geomembrane decrease leading eventually to the failure of
the geomembrane. To limit the oxidation of polyethylene, suitable stabilizers
(antioxidants) are added to the resin used to manufacture the geomembrane. The most
common types of antioxidants added to HDPE geomembranes along with their effective
temperature ranges have been described by Fay and King (1994) and Hsuan and Koerner
(1998). Viebke et al. (1994) and Hsuan and Koerner (1998) described the oxidative
degradation as a three-stage process. The first stage (Stage 1) involves the depletion of
antioxidants which is caused by the chemical reactions of antioxidants with oxygen, free
radicals or hydroperoxide and/or physical loss by diffusion, evaporation, extraction, or
washing out (Gedde et al. 1994; Hsuan and Koerner 1998; Haider and Karlsson 2002;
Sangam and Rowe 2002; Garcia et al. 2004). During Stage |, the engineering
geomembrane properties do not change. The second stage (Stage Il) is called the
induction time to the onset of the degradation. The second stage begins when the
antioxidants are depleted. In the initial period of Stage Il, oxidation starts very slowly and
in the final period, the oxidation process accelerates to the point where there are
measurable changes in the geomembrane properties (this denotes the end of Stage II).
The third stage (Stage Ill) involves degradation to failure. In this stage, the oxidation
causes significant changes to the physical and mechanical properties which will
eventually lead to geomembrane failure. The failure level is defined when a particular
design property for example, stress crack resistance, tensile break stress, tensile break

strain, etc., reaches a specified value (typically 50% of either the initial or the specified
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value). The service life of the HDPE geomembrane is taken as the sum of the duration of

the above three stages.

Generally, laboratory accelerated ageing tests are conducted to evaluate the
components of geomembrane service life owing to the long time required to obtain results
from actual field conditions. There is considerable research in the literature (Hsuan and
Koerner 1998; Sangam and Rowe 2002; Miiller and Jacob 2003; Gulec et al. 2004; Rimal
et al. 2004; Krushelnitzty 2006; Jeon et al. 2008; Rowe and Rimal 2008a; Chapters 2 &
3) that uses conventional immersion tests to evaluate the antioxidant depletion (Stage 1)
for HDPE geomembranes. The immersion tests are conducted by incubating the
geomembrane in the medium of interest for example, air, water, leachate, acid mine
drainage, or jet fuel. The antioxidant depletion time predicted from samples immersed in
leachate are conservative because the test exposes both sides of the geomembrane to
leachate. The actual antioxidant depletion time will likely be longer in a landfill because,
in areas where there are no holes in the geomembrane, only one side of the geomembrane
will be exposed to the landfill leachate. However, there are only three research studies in
the literature (Hsuan and Koerner 1998; Rowe and Rimal 2008a,b) that have attempted to
investigate the ageing of the geomembrane under simulated landfill liner conditions, as

discussed below.

Hsuan and Koerner (1998) conducted accelerated ageing tests using a 1.5mm
HDPE geomembrane at four elevated temperatures (55, 65, 75, and 85°C) under 260 kPa
vertical pressure. There was a 100 mm thick water saturated sand layer above the

geomembrane and the geomembrane rested on dry sand. Antioxidant life time (Stage 1)
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was predicted to be 200 to 215 years at 20°C in this study. No change in other
geomembrane properties [density, melt index (MlI), or tensile properties] was evident
within the 24-month ageing period. It should be noted that this case is more applicable to
a water reservoir application in an arid area (where there is water above but dry sand
below the geomembrane) than to a landfill where there will be a near-saturated clay liner

below the geomembrane and landfill leachate above it.

Rowe and Rimal (2008a) examined the depletion of antioxidants from a 1.5mm
HDPE geomembrane at 26, 55, 70, and 85°C for a simulated composite liner. The internal
diameter and height of the testing apparatus were approximately 150 mm and 170 mm,
respectively. The composite liner consisted of (from the top down): a gravel (19-mm
nominal) layer, a geotextile protection layer (exposed to synthetic MSW landfill
leachate), a 1.5mm HDPE geomembrane, and a hydrated GCL over a moist sand layer.
They predicted antioxidant depletion time to be about 135 years at 20°C for the specific
geomembrane examined. The tensile properties and MI did not show any significant

change within the testing period of 35 months.

For comparison with the behaviour using a traditional geotextile protection
layer as used by Rowe and Rimal (2008a), Rowe and Rimal (2008b) examined the
depletion of antioxidants for two different protection layers: (a) a 15 mm thick sand layer
above the geotextile, and (b) a saturated GCL above the geotextile. All other variables
(temperature, size of apparatus, leachate type, gravel type, etc.) were the same as before.
The antioxidant depletion times were calculated to be 180, and 230 years, respectively for

the sand and GCL protection layers at 20°C as compared to 135 years for the
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conventional geotextile protection layer. These results suggest that the additional sand or
GCL protection layer is beneficial to the long-term performance of HDPE
geomembranes. The GCL performed the best because it attenuated the leachate
constituents (trace metals, surfactant) from coming into direct contact with the
geomembrane. Both modified protection layers decreased the potential for the outward

diffusive flux of antioxidant from the geomembrane.

There were some limitations in the above investigations with respect to
simulating field conditions in a municipal solid waste (MSW) landfill. For example,
Hsuan and Koerner (1998) did not use the conventional simulated composite liner or
leachate in their study and Rowe and Rimal (2008a,b) did not apply stress to the
geomembrane. Although the leachate used by Rowe and Rimal (2008a,b) was replaced
every two weeks, there was no circulation of leachate within the two-week replacement
period. There was no information on whether the water above the geomembrane was

replaced or not in the studies conducted by Hsuan and Koerner (1998).

Researchers at the GeoEngineering Centre at Queen’s-RMC in Kingston, ON,
Canada have spent the past several years developing laboratory apparatus for simulating
the exposure conditions that are expected in the field. The new apparatus (Brachman et
al. 2008) overcomes the shortcomings of the previous research. Thus the objective of this
study is, for the first time, to investigate the depletion of antioxidants under simulated
landfill conditions involving the movement of leachate above the protection layer and

applied stress similar to what might be expected in the field.

113



4.2. EXPERIMENTAL INVESTIGATION

42.1. Materials

4.2.1.1. Geosynthetic Liner Longevity Simulator (GLLS)

Accelerated ageing tests were conducted using a specially designed
geosynthetic liner longevity simulator (GLLS). Figure 4.1 shows a vertical cross-section
through the GLLS. The GLLS is a cylindrical steel pressure vessel having internal
diameter and height of 590 and 500 mm, respectively. The tests reported herein were
conducted for a 250 kPa vertical pressure (equivalent to the pressure of approximately 20
m of waste) applied by inflating a rubber bladder from the top with compressed air. To
limit the boundary friction on the side wall of the GLLS a friction treatment comprised of
two thin (0.1mm) polyethylene sheets lubricated with high-temperature bearing grease
along with a protection layer consisting of nonwoven geotextile and a 2mm GM ring (see
Appendix C). The mobilized friction angle is about 5° (Tognon et al. 1999) for the
friction treatment employed in the GLLS. According to Brachman and Gudina (2002),
more than 95% of the applied vertical pressure can be expected to reach the

geomembrane with a boundary friction of 5°.

Tests were conducted at three elevated temperatures (55, 70, and 85°C). The
elevated temperature was achieved by wrapping a heating cable around the outer
circumference of the cylindrical portion of the GLLS. Several prototype heating
experiments were conducted to determine the type and length of the heating cable as well

as the insulation systems required to maintain a set point temperature of 55, 70, and 85°C
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as documented by Brachman et al. (2008). The temperature of the GLLS was monitored
using t-type thermocouples and was maintained to the set point temperature using a PID
controller (Brachman et al. 2008). The temperature of the geomembrane was
predominantly found to be within +1°C of the set point temperature throughout the testing

period.

4.2.1.2. Simulated Composite Liner

The composite liner tested was comprised of (from top down): a 150 mm thick
coarse gravel layer (leachate collection layer), a geotextile (GT) protection layer, a virgin
1.5mm thick HDPE geomembrane, and a geosynthetic clay liner (GCL) overlaying a 150
mm thick compacted sand foundation layer (Figure 4.1). The gravel was a nominal 50-
mm crushed limestone typically used in landfill collection layers in Ontario and was
placed uncompacted at a bulk density of 1.5 g/cm®. The geotextile was nonwoven needle-
punched and had a thickness of 4.1 mm (ASTM D5199), mass per unit area of 580 g/m?
(ASTM D5261), and grab tensile strength and elongation of 1690 N and 45-105 %,
respectively (ASTM D4632). The HDPE geomembrane was manufactured by Solmax
International, Varennes, Quebec, Canada. Table 4.1 presents the important initial
properties of the geomembrane. The geomembrane tested had quite different properties to
those tested by Rowe and Rimal (2008a,b). The GCL had slit-film carrier and nonwoven
cover geotextiles and was hydrated under 20 kPa pressure for 15 days before placing it in
the GLLS. The mass per unit area of the GCL (ASTM D5993), carrier GT (ASTM
D5261), and cover GT (ASTM D5261) was 3.66 kg/m? 105 g/m? and 200 g/m?

respectively. The average thickness of the hydrated GCL was about 9 -12 mm. Poorly
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graded medium sand having specific gravity of 2.67 was used as the foundation layer.
The sand was compacted at 7.5% water content in six sublayers using a flat-bottom
rammer to a dry density of 1.65 g/cm®. After compaction, the sand layer was saturated
and then drained by gravity so that it was at field capacity for the tests. The GCL was

placed immediately after draining the sand layer.

4.2.1.3. Synthetic Leachate

The synthetic leachate used in this study was produced by mixing trace metals,
surfactant, and reducing agent in distilled water (Table 4.2). This leachate was selected
based on a study described in Chapter 2 which showed that it contained the essential

components of MSW leachate that would affect ageing of HDPE geomembranes.

To simulate the actual landfill conditions where leachates are continuously
collected through a leachate collection system, the leachate in this study was completely
replaced with a newly prepared leachate every two weeks. The two-week leachate
renewal frequency adopted in this study was based on a study that examined different
leachate renewal frequencies on antioxidant depletion (Chapter 2). The leachate in the
GLLS was continuously mixed between the two-week refreshment periods with the help
of an external recirculation pump (Figure 4.1). Several mixing trials were conducted by
changing port configuration and circulation flow rate to ensure a system that provided
uniform mixing and avoided areas of stagnant flow of leachate within the GLLS
(Brachman et al. 2008). The results of the trial mixing showed that a flow rate of 225

mL/min in the circulation loop produced the best mixing result and this rate was adopted
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in this study. A bentonite seal was placed (Appendix C) at the outer edge of the circular

geomembrane in the GLLS to prevent leachate from leaking below the geomembrane.

4.2.2. Test Methods

4.2.2.1. Oxidative Induction Time (OIT) Test

The level of antioxidant present in the geomembrane is normally evaluated in
terms of the oxidative induction time (OIT) of the geomembrane (Hsuan and Koerner
1995, 1998; Surmann et al. 1995; Maisonneuve et al. 1997; Sangam and Rowe 2002;
Muller and Jacob 2003; Gulec et al. 2004; Rimal et al. 2004; Rowe and Rimal 2008a,b;
Chapters 2 & 3). Both standard OIT (Std-OIT) [ASTM D3895] and high pressure OIT
(HP-OIT) [ASTM D5885] tests were conducted in this study; however, most of the tests
were carried out using the Std-OIT method. The standard OIT tests were conducted using
a TA Instruments Q-100 series differential scanning calorimeter (DSC) equipped with an
auto sampler. A 6-10 mg specimen was heated from room temperature to 200°C at a rate
of 20°C/min in a nitrogen environment with a gas flow rate of 50 mL/min. After reaching
200°C, the flow of nitrogen gas was maintained for 5 minutes and then the gas flow was
changed from nitrogen to oxygen at isothermal condition and 35 kPa pressure. Tests were
terminated when an exothermal peak was detected. The exothermal peak indicates the
consumption of antioxidants and the onset of oxidation reactions. The HP-OIT tests were
conducted using a TA Instruments 2910 DSC equipped with a pressure cell capable of
withstanding up to 7000 kPa pressure. The procedure for the HP-OIT tests was the same

as for the Std-OIT tests except the temperature and pressure were 150°C and 3500 kPa,
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respectively. For both types of tests, the duration between the start of oxygen flow and

the onset of an exothermal peak was reported as the OIT in minutes.

4.2.2.2. Crystallinity Test

The degree of crystallinity of the HDPE geomembranes was measured in
accordance with ASTM E794. The same DSC that was used to measure Std-OIT was
used for the crystallinity tests. A 6-10 mg geomembrane specimen was heated from room
temperature to 200°C at a rate of 20°C/min under nitrogen atmosphere. The percent
crystallinity of the geomembranes was calculated by dividing the measured heat of fusion
of the geomembrane by that of the heat of fusion of 100% crystalline HDPE

geomembrane i.e., 293 J/g (Brandrup et al. 1999)

4.2.2.3. Melt Index (MI) Test

The melt index (MI) test is a qualitative test for evaluating the molecular
weight of different polymers and can be used to monitor the changes in molecular weight
due to oxidative degradation (Hsuan and Koerner 1998). Oxidation in the polymer can
cause either cross-linking or chain scission reactions in the polymer (Hsuan and Koerner
1998; Peacock 2000). Generally, a cross-linking reaction results in a decrease in Ml
values whereas a chain scission reaction causes an increase in MI values. A Dynisco Melt
Indexer (model D4002) was used to measure the MI of the geomembrane in accordance
with ASTM D1238. The test measures the amount of molten polymer extruded through
an orifice of specified diameter at 190°C under a constant load of 21.6kg. The result of

the MI test is generally expressed in terms of g/10min.
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4.2.2.4. Tensile Test

Tensile tests were performed in accordance with ASTM D6693 (Type IV)
using dumbbell-shaped specimens and a strain rate of 50 mm/min. A Zwick Roell tensile
testing machine (model Z020) equipped with 20 kN load cell was used to carry out tensile
tests. Ten replicate samples were tested at any sampling event: five along machine
direction and five along cross-machine direction and the average in each direction was

reported.

4.3. RESULTS AND DISCUSSIONS

4.3.1.  Std-OIT versus HP-OIT Tests for the Evaluation of Antioxidant Depletion

There is a possibility that the temperature used in the Std-OIT test (200°C)
could volatilize some antioxidants (e.g., hindered amines, thiosynergists) used in the
formulation of some geomembranes. To assess whether this was a problem for the
geomembrane used in this study, the results of HP-OIT tests were compared with the Std-
OIT test as shown in Figure 4.2. The linear relationship between HP-OIT and Std-OIT
implies that there was no thiosynergists or hindered amines in the geomembrane
examined (Hsuan and Koerner 1998) and that either the Std-OIT or the HP-OIT test
could be used to evaluate the depletion of antioxidants for this geomembrane. A similar
linear relationship was observed for the same geomembrane when used in leachate
immersion tests as described in Chapter 3. Several other researchers (Hsuan and Koerner
1998; Sangam and Rowe 2002; Gulec et al. 2004, Rowe and Rimal 2008a) have also seen

a linear relationship for other geomembranes they have tested.
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The types of antioxidants used in the formulation of the geomembrane were not
provided by the manufacturer because the information was proprietary to the
manufacturer. To provide direct evidence in support of the inference noted above, a
virgin geomembrane sample was sent to Ciba® Testing Services, Tarrytown, NY, USA
for antioxidant analysis. The results indicated the presence of the following antioxidants
in the geomembrane: hindered phenols (Irganox 1010 and Irganox 1076) and phosphites
(Irgafos 168 (POs3) and Igrafos 168 (PO4)) (Appendix C). The maximum effective
temperature of these antioxidants is 300°C. No hindered amines (HALS) or thiosynergists
(whose maximum effective temperature is in the range of 150-200°C) were identified in
the geomembrane. Consequently, the results described in the following sections are based

on the Std-OIT tests.

4.3.2. Spatial Variation of OIT in the GLLS Test

The physical appearances of the HDPE geomembrane before and after
performing a test are shown in Figure 4.3 and Figure 4.4, respectively. Due to the applied
vertical stress and the testing temperature, numerous permanent deformations were
evident in all geomembrane samples after the completion of a test (e.g., Figure 4.4).
Consequently, samples for the OIT tests were taken from several “beneath gravel
contact” and “between gravel contacts” locations to evaluate the variability of OIT
between these locations. Figure 4.4 shows the OIT sampling locations for the 2-month
GLLS test at 70°C. At each sampling location at least three replicate samples were tested
and the average OIT values were plotted with respect to the distance from the GLLS

inner wall (Figure 4.5). The average OIT values for the “between gravel contacts”
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locations (e.g., 65.19 *+ 4.56 min for the 2-month GLLS tests at 70°C) were lower than for
“beneath gravel contact” locations (e.g., 69.14 + 7.35 min for the 2-month GLLS tests at
70°C). This difference may be because there was less flow of leachate beneath the gravel
contacts however given the standard deviation of the results, one can not conclude that
the difference in the average OIT values between the “beneath gravel contact” and

“between gravel contacts” locations is statistically significant.

Figure 4.5 shows that there was no significant difference in OIT values from
the centre to the outer edge of the GLLS. Similar results were observed for all other
GLLS tests. As an example, Appendix C shows the results of the 5-month GLLS test at
85°C and the same conclusions can be reached as for the test just discussed. Given the
fact that there was no apparent significant difference between the OIT values from
“beneath gravel contact” and “between gravel contacts”, the OIT values reported in the

rest of this study are based on the average OIT values considering both.

4.3.3.  Antioxidant Depletion at Elevated Temperatures

The OIT values decreased with time (Figure 4.6a). The rate of OIT depletion
also increased with an increase in temperature as has been observed in other studies
(Hsuan and Koerner 1995, 1998; Hsuan and Guan 1998; Sangam and Rowe 2002; Gulec
et al. 2004; Rowe and Rimal 2008a,b; Chapters 2 & 3). At 85°C the OIT values decreased
to the residual value of about 1.5 min after about 8.5 months. For the other two testing
temperatures (55 and 70°C), the OIT values had not reached the residual value by the end

of the reporting period (13 months); however, sufficient data had been collected to allow
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an assessment of the rate of OIT depletion at each temperature as demonstrated by the

following.

The depletion of OIT can be described by a first-order decay relationship

(Hsuan and Koerner 1998), viz.:
OIT, =OIT e~ (4.1)

Taking the natural logarithm on both sides this becomes:

In(OIT, )= —st+In(0IT, ) (4.2)

where OIT; is the OIT at time t (min), OIT, is the initial OIT (min), s is the antioxidant
depletion rate (months™), and t is the exposure time (months). The variation in In(OIT)
with time at 55, 70, and 85°C is shown in Figure 4.6b. The slope of the linear regression

lines gives the antioxidant depletion rate at each temperature (Table 4.3).

4.3.4. Comparison of OIT Depletion between GLLS, Leachate Immersion, and

other Composite Liner Tests in the Literature

The geomembrane used in the GLLS tests (current study) was also used in the
leachate immersion test described in Chapter 3. Figure 4.7 compares the variation in OIT
with time for the GLLS and leachate immersed geomembranes at 85°C*. The depletion of
antioxidants in the GLLS test was substantially slower compared to the immersion test. It

took about 8.5 months to deplete the antioxidants to the residual OIT value of about 1.5

! The initial OIT of the geomembrane was different owing to the 2.5 year difference in time between the
start of the two different series of tests during which time the OIT depleted from 134 min to 115 min at
room temperature.
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min for the GLLS geomembrane; on the other hand, for the leachate immersed
geomembrane, the duration was 4.5 months. Table 4.3 shows the antioxidant depletion
rates for both the GLLS and leachate immersed geomembranes. Antioxidant depletion
rates were consistently lower for the GLLS geomembrane compared to the leachate
immersed geomembrane at all temperatures (see also Appendix C). For example, the
antioxidant depletion rates for the GLLS and leachate immersed geomembranes were
0.498 month™ and 1.111 month™, respectively at 85°C. The lower antioxidant depletion
rate in the GLLS geomembrane is considered to be due to the fact that (a) the
geomembrane in the GLLS tests is only exposed to leachate on one side whereas it is
exposed to leachate on both sides in the immersion tests, and (b) a build up of
concentration of antioxidants in the upper geotextile protection layer and in the bottom
GCL layer which reduces the concentration gradient and consequently the outward
diffusive flux of antioxidants. The repeatability of the GLLS tests was checked by
conducting a replicate test at 85°C (3-month test) and the OIT data is plotted in Figure
4.7. There was statistically no significant difference at the 95% confidence level (based
on the Student’s t-test) in the mean OIT values between the two 3-month GLLS tests

suggesting that these tests are quite repeatable within the same experimental framework.

The antioxidant depletion rates observed in the present tests (e.g., 0.0434 and
0.498 month™ at 55°C and 85°C, respectively; Table 4.3) were 2.0 and 3.6 times greater
than those reported by Hsuan and Koerner (e.g., 0.022 and 0.140 month™ at 55 and 85°C,

respectively; Table 4.4) for comparable temperatures. Although different geomembranes
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were tested?, the difference in depletion rate is primarily attributed the fact that the Hsuan
and Koerner (1998) tests had water on one side of the geomembrane and dry sand on the
other as compared to leachate on one side and saturated GCL on the other in the present
tests. For comparison, in the immersion studies described by Sangam and Rowe (2002),
antioxidant depleted 3.2 and 2.3 times faster for a leachate immersed geomembrane than
for a water immersed geomembrane at 55 and 85°C, respectively. A 3.5 times faster
antioxidant depletion rate was observed for a leachate immersed geomembrane than for a

water immersed geomembrane at 85°C in Chapter 2.

The liner configuration used in this study was most similar to the small scale
simulated composite liner test conducted by Rowe and Rimal (2008a). The depletion
rates in the present study are different from those reported by Rowe and Rimal (2008a)
(Tables 4.3 and 4.4). This is probably due to a combination of factors including (a) the
continuous circulation of leachate in the current study, and (b) the use of geomembranes
with different initial properties and antioxidant packages in the two studies. With respect
to the second point, the initial Std-OIT and HP-OIT of the geomembrane used in the
current study were 115 and 241 min, respectively compared with 135 and 660 min,

respectively in the geomembrane used by Rowe and Rimal (2008a).

4.3.5.  Arrhenius Modeling of Antioxidant Depletion Rate and Prediction of

Antioxidant Depletion Time

% The Std-OIT and HP-OIT were 81 and 210 minutes for the geomembrane tested by Hsuan and Koerner
(1998) and 115 and 241 min for the geomembrane in the present study.
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The Arrhenius equation is widely used to provide an estimate of the antioxidant
depletion rate at a given temperature different to those used in a testing programme and

is generally expressed as follows (Hsuan and Koerner 1998 ):
s — Ae(Ea/(RT)) (4.3)

Taking the natural logarithm on both sides gives:

E
In(s) = ,n(A)_(?a)(%) (4.4)

where s is the antioxidant depletion rate (month™), E, is the activation energy (J.mol™), R
is the universal gas constant (8.314 J.mol™.K™), T is the absolute temperature (K), and A
is a constant often called a collision factor. In using the Arrhenius equation for the
purpose of extrapolation, it is assumed that: (1) the antioxidant depletion rate s is highly
dependent on temperature, (2) the value of the collision factor A does not change with
temperature, and (3) the activation energy E, remains constant over the temperature range

of interest (Koerner et al. 1992).

Figure 4.8 shows the Arrhenius plots of antioxidant depletion rates based on the
data in Table 4.3. Table 4.5 shows the activation energy, deduced from the slope of the
line (i.e., Ea/R), along with the best fit Arrhenius equation for the GLLS tests (this study)
and the immersion tests on the same geomembrane (Chapter 3) along with the values
obtained from composite liner tests reported by Rowe and Rimal (2008a) and Hsuan and
Koerner (1998) on different geomembranes. It can be seen that the activation energy for

the geomembrane used in the GLLS test is higher (79.7 kJ.mol™") compared to the
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activation energy for the leachate immersed geomembrane (60.7 kJ.mol™) which
quantifies the significant effect of geomembrane exposure on geomembrane ageing. The
higher activation energy would contribute to the longer antioxidant depletion time as

discussed below.

The antioxidant depletion times (time to complete Stage I; Table 4.6) at a
representative range of landfill temperatures (20-60°C) were calculated using Equation
(4.1) and the antioxidant depletion rates deduced from the Arrhenius relationships at a
temperature of interest for the GLLS and immersion tests (Table 4.5). The predicted
antioxidant depletion times (Table 4.6) varied from 6 years (at 60°C) to 310 years (at
20°C) for the GLLS geomembrane. The depletion times are significantly greater for the
GLLS geomembrane than for leachate immersed geomembranes (e.g., 65 and 15 years,

respectively at 35°C).

The antioxidant depletion times for the GLLS geomembrane provides a
practical insight regarding Stage | of geomembrane service life of this gegomembrane in a
MSW landfill application. The total service life of HDPE geomembrane is expected to be
considerably longer than that presented in Table 4.6 because of the additional time in
Stages Il (induction time) and Il (time required for the degradation of engineering
properties of interest). An estimate of total service life of different HDPE geomembranes

based on landfill liner temperature history is given in Chapter 6.
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4.3.6. Results on Crystallinity, M1, and Tensile Properties

Figure 4.9 shows the variation in crystallinity, MI, machine and cross-machine
directions tensile properties with time at 85°C. The crystallinity of the geomembrane
increased by about 20% after 1 month of ageing and remained relatively constant over the
testing period (8.5 months) at 85°C. A similar increase in crystallinity was observed for
the leachate immersed geomembranes described in Chapters 2 and 3 as well as in the
literature (Dorner and Lang 1998; Sangam 2001; Rowe and Rimal 2008a). The tensile
yield strain increased by approximately 35%; however, no significant change in yield
stress was observed (Figure 4.9b,c). In contrast to these results, both the yield stress and
yield strain increased by approximately 10% for the same geomembrane when immersed
in a leachate at 85°C (Chapter 3). It is not clear if this difference is due to the reduced
exposure to leachate in the GLLS tests or to the effects of the gravel indentation
producing permanent deformations in the geomembrane (e.g., see Figure 4.4). The MI,
and the machine and cross-machine direction tensile break stresses and break strains did
not show any significant change over the 8.5 months of ageing time at any of the testing
temperatures. The changes in crystallinity and tensile yield strain observed at 70 and
55°C followed the same trend described above but were lower than observed at 85°C (see

Appendix C).

4.4. CONCLUSIONS

Accelerated ageing tests were conducted to evaluate the depletion of
antioxidants from an HDPE geomembrane using a specially designed laboratory

apparatus (geosynthetic liner longevity simulator) capable of examining the effects of
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temperature, high pressure, and continuous leachate circulation on the ageing of
geomembranes in composite liner systems. Tests were conducted under 250 kPa vertical
pressure at 55, 70, and 85°C. The simulated landfill liner consisted of (from the top
down) a 150 mm thick gravel layer, a geotextile protection layer, a 1.5mm HDPE
geomembrane, a GCL, and a 150 mm thick sand foundation layer. From these tests it is

concluded that for the geomembrane tested:

1. The antioxidant depletion rate (0.043, 0.218, and 0.498 month™, at 55, 70, and
85°C, respectively) was consistently lower for the simulated landfill liner tests
than for more traditional leachate immersion tests for the same geomembrane
(0.118, 0.392, and 1.111 month™ at 55, 70, and 85°C, respectively). Thus
improved predictions of geomembrane service life will be obtained based on
data from studies conducted for simulated liner conditions.

2. Based on Arrhenius modeling, the estimated time for antioxidant depletion (i.e.,
time to complete Stage | of the geomembrane service life) in the landfill
simulators ranged between 310 and 6 years for constant temperatures between 20
and 60°C.

3. For the same geomembrane, the antioxidant depletion times are substantially
longer in the landfill simulators than immersed in the leachate with the projected
depletion time at 35°C being 65 years based on the simulator tests compared to
15 years based on leachate immersion tests.

4. The crystallinity and tensile yield strain of the geomembrane increased in the
early stages of ageing and then remained relatively constant over the testing

period. There was no significant change in other geomembrane properties (Ml,
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and other tensile properties) within the testing period suggesting that the
geomembrane had not reached the end of Stage Il of the geomembrane service
life in any of the tests over the testing period. The total service life of the
geomembrane is expected to be substantially longer than the antioxidant life time
(Stage 1) estimated in this study because of the time required to complete Stages

Il and 111 of the service life.

This study has provided the closest simulation of geomembrane exposure
conditions in a MSW landfill yet published and as a consequence the estimated
antioxidant depletion times are expected to provide the most realistic estimate of the
likely depletion time of antioxidants in the field. Additional testing is required to allow
similar estimates of Stages Il and Il of the service life. It is also noted that the service
life of a geomembrane will depend on the resin and antioxidant package used and may

vary from one geomembrane to another.
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Table 4.1. Properties of the ggomembrane examined.

Properties Method Unit Value
Nominal thickness ASTM D5199 mm 1.5
Std-OIT ASTM D3895  min 115+1.5
HP-OIT ASTM D5885  min 241 + 13
Crystallinity ASTM E794 % 476114
MI (21.6 kg/190°C) ASTM D1238 ¢/10min 14.3+0.8
Density ASTM D1505 gl/cc 0.947

Single point stress-crack resistance ASTM D5397 hours 1432 + 186
Tensile properties (machine direction) ASTM D6693

Strength at yield kN/m 26.7 +0.86
Strength at break KN/m 46.0+£5.3
Strain at yield % 239117
Strain at break % 825+81
Tensile properties (cross-machine ASTM D6693

direction)

Strength at yield kN/m 29.0+0.48
Strength at break KN/m 43.7+6.1
Strain at yield % 18.5+0.40
Strain at break % 830 £ 95
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Table 4.2. Composition of synthetic leachate.

Concentration, mg/L

Component (except where noted)
Trace Metal Solution*® (mL/L) 1
Surfactant, Igepal® CA720 (mL/L) 5
En (adjusted by Na,;S*9H,0) (mV) ~-120
“Composition of trace metal solution -1 mL/L in synthetic leachate
FeSQO47H,0 2000
H3BO3 50
ZnSQO4*7H,0 50
CuSO4*5H,0 40
MnSO4eH,0 500
(N H4)5M07024'4H20 50
Al3(S04)316H20 30
Co0S04*7H,0 150
NiSO4+6H,0 500
H,SO,4 (mL/L) 1

Modified from Hrapovic (2001)
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Table 4.3. Comparison of antioxidant depletion rates between GLLS and leachate
immersed geomembranes.

Antioxidant depletion rate (month™)

Temperature (°C)

GLLS Leachate immersed®
85 0.4982 1.111
70 0.2176 0.3921
55 0.0434 0.1178

Data from Chapter 3.

Table 4.4. Antioxidant depletion rates in the literature for different geomembranes
used in simulated landfill liners at different temperatures.

N Temp Antio_xidant
Exposure condition and reference o~ depletion rate
(C) (month™)
1.5mm geomembrane with water saturated sand above and dry 85 0.140
sand below with 260 kPa normal stress, Initial Std-O1T=80.5 75 0.080
min, HP-OI1T=210 min, Hsuan and Koerner (1998). 65 0.059
55 0.022
1.5mm geomembrane used in simulated composite liner with 85 0.275
top face of the geomembrane exposed to synthetic MSW 70 0.212
leachate and the bottom face exposed to water hydrated GCL, 55 0.054
Initial Std-OIT=135 min, HP-OIT=660 min, Rowe and Rimal 26 0.005
(2008a). '
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Table 4.5. Arrhenius equation and activation energy from the current study and the
literature.

Activation
Exposure condition and reference Arrhenius equation energy, Ea
(kJ.mol™)

1.5mm geomembrane used in simulated
composite liner test by applying 250 kPa
normal stress, top face of the geomembrane
exposed to synthetic leachate and the bottom
face of the geomembrane exposed to water
hydrated GCL, Std-OIT=115 min, HP-
OIT=241 min (current study).

In(s) = 26.21 — 9591/T

R*=0.975 97

1.5mm geomembrane used in synthetic
leachate immersion tests, Std-OIT=135 min,
HP-OIT=244 min, Chapter 3.

In(s) = 20.37 — 7304/T
R? = 0.992 60.7

1.5mm geomembrane used in simulated

composite liner test with no applied stress, top

face of the geomembrane exposed to synthetic  In(s) = 20.06 — 7540/T

leachate and the bottom face exposed to water R%*=0.977

hydrated GCL, Initial Std-OIT=135 min, HP-

OIT=660 min, Rowe and Rimal (2008a).

62.7

1.5mm geomembrane with water saturated
sand above and dry sand below with 260 kPa
normal stress, Initial Std-OIT=80.5 min, HP-
OIT=210 min, Hsuan and Koerner (1998).

In(s) = 17.05 — 6798/T 56.0
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Table 4.6. Predicted antioxidant depletion times at six different temperatures for the
simulated composite liner and leachate immersed geomembranes (numbers greater
than 10 years have been rounded to the nearest 5 years and those below 10 years to

one significant figure).

Temperature (°C) Antioxidant depletion dime (years)

GLLS? Leachate immersed”
20 310 45
30 105 20
35 65 15
40 40 9
50 15 4
60 6 2

The calculation of the antioxidant depletion time was based on a decrease of antioxidant
from initial OIT value of 115 min to a final residual OIT value of 0.5 min (used by Hsuan
and Koerner (1998) for pure unstabilized HDPE geomembrane).

®Data from Chapter 3.
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Figure 4.1. Vertical cross-section of the GLLS. Note: Figure not to scale. GT=
geotextile, GM=geomembrane, GCL= geosynthetic clay liner.
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Bentonite seal

Geomembrane

Figure 4.3. Photograph of a GLLS after placing the geomembrane. Bentonite
paste was placed at the circumference of the geomembrane to
prevent leachate leakage.
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Between gravel

contacts \

Figure 4.4. Photograph of the 2-month GLLS test at 70°C showing OIT
sampling locations circled as solid (for beneath gravel contact) and
dotted lines (for between gravel contacts). Leachate inlet and
outlet ports are shown by arrows.
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Figure 4.5. Spatial variation of OIT for the 2-month GLLS test at 70°C.
Note: Error bars indicate standard deviation of test results at
each location.
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CHAPTER 5

PERMEATION OF BTEX THROUGH UNAGED AND AGED HDPE

GEOMEMBRANES

5.1. INTRODUCTION

High density polyethylene (HDPE) geomembranes have been widely used as a
component of modern composite landfill liner systems because of their excellent
resistance to the advective flow of leachate, resistance to chemical attack and the
availability of effective seaming techniques (Haxo 1990; Eith and Koerner 1997).
However, despite their wide use, there are still a number of issues that need to be
addressed concerning the use of HDPE geomembranes in composite landfill liners (e.g.,
Rowe 2005; Brachman et al 2008a,b; Saidi et al. 2008). One of these issues relates to the
potential for contaminants to diffuse through intact HDPE geomembranes. A wide range
of organic and inorganic compounds are found in municipal solid waste landfill leachate
(Kim et al. 1995; Rugge et al. 1995; Joo et al. 2004; Rowe et al. 2004). When used as part
of a composite liner, HDPE geomembranes have been shown to be an excellent barrier to
the advective-diffusive migration of inorganic and ionic contaminants (Rowe et al. 1996;
Rowe 2005). However, volatile organic compounds (VOCs) have been shown to diffuse
through an intact HDPE geomembrane in measurable quantities in an engineering time
frame (Park and Nibras 1993; Prasad et al. 1994; Rowe et al.1995; Fong et al. 1998;

Rowe 1998, 2005; Sangam and Rowe 2001, 2005; Joo et al. 2004, 2005; Chao et al.
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2006, 2007). Thus, it is important to consider the diffusive migration of VOCs through

HDPE geomembranes when designing landfill liner systems.

The mass transfer of organic contaminants through an HDPE geomembrane
involves three key mechanisms (Haxo and Lahey 1988; Park and Nibras 1993; Prasad et
al. 1994; Park et al. 1996; Sangam and Rowe 2001, 2005): (1) partitioning between the
inner surface of the geomembrane and the medium containing the organic compound
(adsorption), (2) diffusion through the geomembrane, and (3) partitioning between the
outer surface of the geomembrane and the outer medium (desorption). These transport
mechanisms are generally influenced by various factors, for example: (1) density,
crystallinity, thickness, degree of cross-linking, and chain rigidity of the polymer; (2)
molecular weight, molecular volume, shape, polarity, and initial concentration of the
compound; (3) interaction between the polymer and the organic compound; and (4)
temperature (Rogers 1985; Naylor 1989; Sangam and Rowe 2001, 2005; Chao et al.
2006). Among these factors the crystallinity of the polymer is considered to be one of the
most important factors, since the diffusion of organic compounds occurs through the
amorphous region of the semicrystalline HDPE geomembrane. Studies conducted by
Michaels and Parker (1959), Michaels and Bixler (1961), and Michaels et al. (1963) have
shown that the diffusion coefficients of different gases (e.g., helium, oxygen, methane,
ethane, propane, propylene etc.) decreased with the increase of polymer crystallinity. For
example, for propane gas the diffusion coefficients were 3.1 x10™!, 1.1x10™* and
0.25x10™ m?s, respectively when the crystallinities of the polymers were 29, 43, and

77% (Michael and Bixler 1961).
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Although a number of investigators have examined the transport of VOCs
through virgin HDPE geomembranes as cited above, there is a paucity of research in the
literature relating to the diffusion of VOCs through aged HDPE geomembranes. Rowe et
al. (2003) examined the partitioning and diffusion of VOCs through a 1.5mm
geomembrane (GM) removed from a municipal solid waste landfill leachate lagoon after
14 years. This GM, with a crystalinity of 65-68%, had permeation coefficients at room
temperature of between 1.4x10™ m?/s and 1.8x10™ m%s for 7 VOCs (dichloromethane,
1,2-dichloroethane, trichloroethylene, benzene, toluene, ethylbenzene, and xylenes).
However there was no virgin material to compare with the aged GM. Joo et al. (2004)
investigated the transport of VOCs in aqueous solution through both virgin and 5-year
aged 2.0mm HDPE geomembranes. The aged geomembrane was exhumed from a landfill
after 5 years of service. The properties of the aged geomembrane (e.g., density, oxidative
induction time, carbon black content, puncture resistance, and tensile elongation
properties) were almost the same as the virgin geomembrane. The results from batch
immersion tests showed no significant changes in the partitioning coefficients of the
contaminants examined although the diffusion coefficients were 23% lower for aged
geomembrane than the unaged geomembrane. The permeation coefficients at room
temperature ranged from 6.1x10™* to 7.4x10™** m?/s for the VOCs examined (benzene,
toluene, ethylbenzene, p-xylene, o-xylene, chloroform, methylene chloride,
tetrachloroethylene, 1,1,1-trichloroethylene) for both unaged and aged geomembranes.

Unfortunately, the crystallinity of the geomembrane was not reported in this paper.

It has been shown from several recent laboratory studies (Sangam 2001; Rowe

et al. 2008; Rowe and Rimal 2008) that the crystallinity of the HDPE geomembrane
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increases with ageing. However, until now, the effect of ageing and crystallinity on the
diffusion of VOCs through HDPE geomembranes has not been examined. Thus the
primary objective of this study is to examine the effect of accelerated geomembrane
ageing on the diffusion of volatile organic compounds (VOCs) through HDPE
geomembranes at room temperature. A secondary objective is to establish an empirical
relationship between partitioning, diffusion, and permeation coefficients with
geomembrane crystallinity. The present study substantially expands on the results

reported by Islam and Rowe (2008).

5.2. EXPERIMENTAL PROCEDURE

5.2.1. HDPE Geomembranes

Two different 1.5mm HDPE geomembranes were examined. One
geomembrane (manufactured by GSE Lining Inc. TX, USA) is designated as GM1 and
the other geomembrane (manufactured by Solmax International, Quebec, Canada) is
designated as GM2 for this Chapter. Tests were conducted on both unaged and aged
samples at room temperature (i.e., 22°C). Ageing of geomembrane was carried out at
85°C by immersing in a synthetic leachate. The leachate was comprised of trace metals
and surfactant in distilled water. For geomembrane GML, the tests were conducted on
unaged, 13-month, and 32-month aged samples. For geomembrane GM2, the tests were
conducted on unaged, 10-month, and 25-month aged specimens. Table 5.1 shows the key
properties of the geomembranes tested. Based on considerations of the depletion of
antioxidants and the change in tensile break properties at different temperatures, the

equivalent ageing durations at 20°C were estimated to be 65-200 years for samples aged
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for 10-13 months and 440-685 years for samples aged for 25-32 months at 85°C
(Appendix D). At 35°C the equivalent ageing durations were estimated to be 20- 45 years
for samples aged for 10-13 months and 100-145 years for samples aged for 25-32 months

at 85°C (Appendix D).

5.2.2.  Organic Compounds

Four volatile aromatic hydrocarbons: benzene, toluene, ethylbenzene, and
xylenes (BTEX) commonly found in landfill leachate (Rowe 1995; Rowe et al. 2004)
were examined. Laboratory grade BTEX standards were purchased from Sigma-Aldrich,
Mississauga, ON, Canada. Table 5.2 shows the key properties of these chemicals. Tests
were carried out by diluting the standard solution with deionized distilled water (DDW).

The initial concentrations of contaminants were in the range from 2.0 to 2.6 mg/L.

5.2.3.  Analytical Methods

A Varian Gas Chromatography/Mass Spectrometer (GC/MS) equipped with a
30 m x 0.25 mm ID x 0.25 um DB-5 fused silica capillary column was used to analyze
BTEX samples. Helium was used as a carrier gas with a flow rate of 1.3 mL/min. The
column temperature was programmed to 35°C initially to hold for 0.5min then rose to
200°C at two ramps of 10°C/min to 100°C and 50°C/min to 200°C with a final hold time
of 3 min. The sample was extracted in headspace mode from 2 mL vials in 5 minutes
using a 8200 CX Varian autosampler equipped with 100 um polydimethylsiloxane solid
phase micro extraction fiber and the desorption was done in 1 minute. The volume of

headspace in the vial was 1.2 mL. The chromatographs were quantified using Varian
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Saturn 2000 Chromatography software (Version 5.05). BTEX concentrations were
quantified based on the calibration curves that were produced through analysis of known
standards. The performance of the GC/MS was checked each time samples were tested by
running duplicates, a lab blank, and a known standard sample and was found to be within

95% of the target value.

5.2.4. Test Procedures

5.2.4.1. Partitioning Test

Partitioning experiments were performed at room temperature (i.e., 22+1°C) in
250 mL glass serum bottles equipped with screw-tight Teflon lined caps (Figure D.1a,
Appendix D). HDPE geomembrane specimens (approximately 15 mm x 125 mm) were
washed with DDW and dried in air and their masses were recorded before placing into
the glass serum bottles. The bottles were filled completely with dilute aqueous BTEX
solution and sampled immediately to get the initial concentrations. The concentrations of
contaminants were monitored with time until the equilibrium concentration was reached.
The partitioning coefficient of each contaminant was calculated following the method
described by Sangam and Rowe (2001) and briefly described as follows. When the
equilibrium is reached, the mass balance equation in the geomembrane-agqueous solution

system can be written as:

Mso:MsF+MgF+MR (5.1)

where M,, and M,r are the initial and final mass of contaminant in the solution

respectively [M], M,r is the mass of contaminant uptake by geomembrane [M], and My is
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the mass of contaminant removed during sampling events [M]. By converting the masses
in terms of their respective concentrations and volumes, Equation (5.1) can be expressed

as follows

ol fo = rrV g +Ap4—jch +2.Vici (5.2)
where ¢y, and ¢y are respectively the initial and final concentrations of the solution [ML"
9, Vi, and Vg are respectively the initial and final volume of the solution [L?], pg IS the
geomembrane density [ML™], M, is the initial mass of geomembrane [M], c,ris the final
equilibrium concentration in geomembrane [ML™], ¥; is the volume of solution removed
at each sampling event [L%], ¢; is the concentration of contaminant at each sampling event
[ML®]. The concentration of contaminant in the geomembrane and solution at

equilibrium can be written as follows:

CgF :ngch (53)

where S, is the partitioning coefficient [-] and is dependent on temperature, fluid,
geomembrane, and contaminant of interest. The partitioning coefficient can be obtained
by substituting Equation (5.3) in Equation (5.2) as shown in the following:

e 070 eV = ZVici oy

Ser = 5.4
o Mycr (5.4)

The uncorrected Sgr was calculated directly from Equation (5.4) assuming no

mass loss to the glass or volatile loss to the atmosphere. It is expected that some

157



contaminants will be adsorbed on to glass bottles and caps. To account for this loss of
contaminant from solution, control tests were conducted using similar glass serum bottles
(Figure D.1b, Appendix D) having the same concentration of contaminants as in the
partitioning test. Sampling for control tests was done at the same time as for the
partitioning tests were sampled and the equilibrium concentration obtained from the
control test was used to calculate the corrected S,r values. Since the amount of
partitioning to the glass is likely to be less when there is geomembrane present than when
it is not present (due to preferential partitioning to the GM) the actual partitioning
coefficient is expected to lie between the corrected and uncorrected values given in

Tables 5.3 and 5.4.

5.2.4.1. Diffusion Test

Diffusion tests were carried out at room temperature in double compartment
glass cells with the source (70 mm diameter x 100 mm high) and receptor (70 mm
diameter x 30 mm high) reservoirs separated by the geomembrane (Figure D.lc,
Appendix D). The same types of cell have been used by other researchers (Haxo and
Lahey 1988; Rowe et al. 1995, 1996; Sangam and Rowe 2001, 2005) in conducting
diffusion tests. A two-part epoxy adhesive (type 2216 B/A, 3M St. Paul, Minnesota,
USA) was used to seal the geomembrane with the source and receptor compartments and
cured for 7 days. After curing, the outside of the geomembrane-compartment joint was
covered with a thick silicone sealant and dried in air at room temperature for 7 days to
harden the silicone. The receptor compartment was filled first with DDW then the source

compartment was filled with dilute aqueous BTEX solution and sampled immediately to
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obtain the initial concentrations. Liquid samples were taken from the source and receptor

compartments at regular time intervals and analyzed using GC/MS.

The permeation of organic compounds through an HDPE geomembrane is

primarily a diffusion mechanism and can be modeled by Fick’s first law as follows:

dc

f=-D, ng (5.5)

where £ is the mass flux or permeation rate per unit area [ML?T™], Dy is the diffusion
coefficient of organic compound in the geomembrane [L?T™], ¢, Is the concentration of
compound in the geomembrane [ML®], and z is the distance parallel to the direction of
diffusion [L]. The change in contaminant concentration at any point in the geomembrane
with time, t is governed by the following differential equation according to Fick’s second
law:

82cg

acg
o Pe 2 (5.6)

When the source and receptor fluids are similar, the flux involved with the migration

process can be obtained by substituting Equation (5.3) into Equation (5.5):

dc dbf dcf

-—D,—2=-§,D,—L=_p
L R S

where P, (= SyD,) is the permeation coefficient or mass transfer coefficient [L*T™] and

¢r (=cr) s the equilibrium concentration in the source reservoir [M L]
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There was a finite mass boundary for both the source and receptor.
Considering the mass balance in these closed systems, the mass of contaminant in the
source solution at any time ¢ is equal to the initial mass minus the mass that diffused into

the geomembrane and can be expressed as follows:

1 t
Css (t) =Cs0 — H_Ifss (T)dT (58)

sS o

where ¢y(2) is the contaminant concentration in the source solution at time # [ML™], ¢, is
the initial concentration in the source solution [ML™®], H,, is the reference height of
solution in the source (volume of source solution per unit area) [L], (%) is the mass flux
of contaminant from the source into the geomembrane at time z [MLT™]. Similarly, the
contaminant concentration in the receptor compartment at any time ¢ can be written as

follows:

e (D)=, +Hiifrs (0)dz (5.9)

rS o

where c,,(2) is the contaminant concentration in the receptor solution at time # [ML], ¢,
is the initial concentration in the receptor solution [ML®], H,, is the reference height of
solution in the receptor (volume of receptor solution per unit area) [L], f.s(7) is the mass

flux of contaminant from the geomembrane into the receptor at time 7 [MLT™].

The diffusion equations were solved by applying the boundary conditions
provided in Equations (5.8) and (5.9) using a finite layer contaminant transport model

POLLUTE®v7 (Rowe and Booker 2004). The diffusion and partitioning coefficients were
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estimated by fitting the theoretical concentrations from diffusion equations to the
concentrations observed in the source and receptor. Control tests were conducted, to
account for the loss during diffusion tests. These tests were conducted in a cell similar to
the source compartment but with no geomembrane (Figure D.1d, Appendix D), as
described by Krol (2000). Values of diffusion and partitioning coefficients deduced both
with and without a correction for the mass sorbed to glass in the control experiments are

reported.

5.3. RESULTS AND DISCUSSIONS

5.3.1. Partitioning Test

The changes in BTEX concentrations during the partitioning tests are presented
in Figures 5.1 and 5.2, respectively for the geomembranes GM1 and GM2. The
concentrations are plotted as the normalized concentrations relative to the initial
concentrations. Each data point represents the average of triplicate concentrations
evaluated by GC/MS and the vertical bars represent the standard deviation. Other things
being equal, the lower the normalized equilibrium concentration the higher the
partitioning  coefficient ~with the order (highest to lowest S,) md&p-
xylenes>ethylbenzene>o-xylene>toluene>benzene for both types of geomembrane. A

similar trend was observed by Sangam and Rowe (2001, 2005).

Tables 5.3 and 5.4 show the calculated partitioning coefficients (Sg) using
Equation (5.4) with and without considering mass losses for the geomembranes GM1 and

GM2, respectively. The losses of contaminants during partitioning tests were 11, 13, 18,
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21, and 16%, respectively for benzene, toluene, ethylbenzene, m&p-xylenes, and o-
xylene. The values of partitioning coefficients (S,) increased with the increase of
hydrophobicity (i.e., with the increase of n-octanol/water coefficients (log Kqw)) of the
contaminants (Table 5.2). The partitioning coefficients also show an increase with the
decrease of contaminant aqueous solubilities (Table 5.2). These results are in accordance
with the results obtained by other researchers (Mdller et al. 1998; Sangam and Rowe
2001, 2005; Joo et al. 2004, 2005). Another important observation from the results of
partitioning tests is that the S,, values of BTEX decreased with the increase of ageing
durations. For example, for the geomembrane GM1, the corrected S, values of
ethylbenzene for unaged, 13-month, and 32-month aged GM1 specimens were 320, 290,
and 215 respectively (Table 5.3). Similarly, for the geomembrane GM2, the corrected S,
values of ethylbenzene were 275, 220, and 200, respectively for unaged, 10-month, and

25-month aged specimens (Table 5.4).

Theoretical partitioning curves were generated (shown as lines in Figures 5.1
and 5.2) using the contaminant transport model POLLUTE® and were fitted to the
experimental concentrations. Due to the nature of the boundary conditions, both S, and
D, can be uniquely inferred from the one test (to experimental accuracy) and the value of
Ser can be compared with that obtained from the partitioning tests. The modeled S, values
are presented in Tables 5.3 and 5.4 for the geomembranes GM1 and GM2, respectively.
The modeled S, values lie between the values obtained from the partitioning tests using

Equation (5.4).
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5.3.2. Diffusion Test

Figures 5.3 and 5.4 show the variations in BTEX concentrations (normalized
with respect to the initial concentrations) with time in the source and receptor
compartments during diffusion tests for the geomembranes GM1 and GM2, respectively.
Similar to the partitioning tests, each data point represents the average of at least triplicate
concentrations measured by GC/MS and the bars represent standard deviation. The
experimental concentrations were fitted using the finite layer contaminant transport
model POLLUTE® and are plotted as lines in Figures 5.3 and 5.4. The best-fit curves
were obtained by trial and error considering the least summation of the square of errors
between the theoretical and experimental data points. Model predictions considered the
loss of contaminants during diffusion tests. The mass losses were 9, 12, 21, 24, and 17%
for benzene, toluene, ethylbenzene, md&p-xylenes, and o-xylene, respectively during
diffusion test. The concentrations of contaminants in the source decreased with time
whereas the concentrations in the receptor increased as the contaminants diffused through
the geomembrane. The final equilibrium concentration is directly related to the
partitioning coefficient S, The final source concentration increased with the increase of
ageing duration. For example, for the geomembrane GM1, the concentrations of toluene
in the source dropped to about 31, 38, and 45% of the initial concentration by the end of
the testing period (i.e., after approximately 85 days) for unaged, 13-month, and 32-month

aged specimens, respectively (Figure 5.3).

The diffusion (Dg) and partitioning (Se) coefficients deduced from the best-fit

curves to the diffusion data are presented in Tables 5.5 and 5.6 for geomembranes GM1
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and GM2, respectively. The diffusion coefficients tend to decrease with increasing
contaminant molecular volume (Tables 5.2, 5.5 and 5.6). A similar trend was observed by
other researchers (Park and Nibras 1993; Sangam and Rowe 2001, 2005; Joo et al. 2004,
2005). The reason for the lower diffusion coefficient is the higher activation energy
required for diffusion of larger molecules (Joo et al. 2004, 2005). The values of D,
decreased with the increased ageing durations for both types of geomembranes. For
example, the diffusion coefficients (D,) of toluene for unaged, 13-month, and 32-month
aged geomembrane GM1 were 0.22x10™% 0.18x10™4, and 0.14x10™** m?/s, respectively
(Table 5.5). Similarly, for GM2 geomembrane the diffusion coefficients of toluene for
unaged, 10-month, and 25-month aged geomembrane were 0.19x10™*% 0.15x10™*2, and
0.11x10™"2 m?/s, respectively (Table 5.6). Similar to the diffusion coefficients, the values
of partitioning coefficients (S, also decreased with the increase of ageing durations as
has been seen in partitioning tests. For example, for the geomembrane GM1, the values of
toluene for unaged, 13-month, and 32-month aged specimens were 125, 100, and 80,
respectively. Likewise, for the geomembrane GM2, the S, values of toluene for unaged,
10-month, and 25-month aged geomembrane were 100, 80, and 60, respectively.
Furthermore, the partitioning coefficients (S,;) obtained from diffusion tests fall within
the range of corrected and uncorrected partitioning coefficients from partitioning tests
(Tables 5.3-5.6). The permeation coefficients (P,) for both geomembranes, calculated by
multiplying respective diffusion (D,) and partitioning (S,) coefficients, are also shown in
Tables 5.5 and 5.6. The calculated permeation coefficients were also found to be lower

with the increased ageing durations.
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It appears that the crystallinity of the geomembrane played an important role in
reducing the values of D,, S, and P, for both geomembranes. The values of D,, S, and
P, were lower for the unaged geomembrane GM2 because of the higher crystallinity of
the unaged geomembrane GM2 (i.e., 48%) compared to the unaged geomembrane GM1
(i.e., 38%) (Tables 5.5 and 5.6). Figure 5.5 shows the variations in D, and S, with
geomembrane crystallinity for both geomembranes. Table 5.7 shows the respective
equations of the linear regression lines over the range of crystallinity examined. For P,
the best fit was obtained by fitting least square quadratic lines with the experimental data,
Good agreement (with coefficient of determination, R*>0.85) between the three
coefficients (e.g., D, Sy, and P,) and geomembrane crystallinity was observed (Table
5.7), which implies that these relationships potentially could be used in predicting
diffusive migration of VOCs through HDPE geomembranes within the crystallinity range
examined. Due to some uncertainties in the testing program, the regression lines shown in
Figure 5.5 did not project to zero when crystallinity approached 100%. However, one
might expect them to approach zero when crystallinity is 100% because in the fully
crystalline state there would be no amorphous region for diffusion and partitioning to
occur. Figure 5.6 shows the similar plot to Figure 5.5 but where the regression lines are
forced to pass through zero value when the crystallinity is 100%. Table 5.8 shows the
equation of the forced regression lines shown in Figure 5.6. It is important to note that if
one wants to extrapolate the data beyond the crystallinity range examined, it probably
would be better to use the relationships presented in Figure 5.6 and Table 5.8 than those

in Figure 5.5 and Table 5.7.
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The diffusive transport parameters (i.e., Dy, S5 and Py) of BTEX observed by
Rowe et al. (2003) are in good agreement with the calculated parameters using the
equations described in Table 5.8 for the crystallinity of the geomembrane examined. For
example, for this geomembrane with crystallinity of 67.5%, the observed values of D,,
Sy, and P, for benzene are 0.12x10™ m%s, 26, and 3.1x10™ m%s, respectively and the
corresponding calculated values are 0.11x10™"? m?/s, 27, and 3.4x10™> m%s. It is of note
that the crystallinity of the geomembrane examined by Rowe et al. (2003) is within the
extrapolation region of the regression lines plotted in Figure 5.6. Therefore, for the
purpose of comparison, the equations in Table 5.8 were used to obtain the calculated

parameters cited above.

Care should be taken in using the relationships described in Tables 5.7 and 5.8
because the diffusion through HDPE geomembrane depends not only on the crystallinity
but also on the tortusity of the geomembrane (Michaels and Bixler 1961) and the
concentration of contaminants (Park et al. 1996). The dependence on tortusity is
discussed in the following section. Thus while Tables 5.7 and 5.8 could be used to obtain
preliminary estimates of diffusive parameters for an HDPE GM with a given crystallinity,
tests should be performed in the laboratory if the values are critical to the performance of

the system.
5.3.3.  Evaluation of the Effects of Ageing

To evaluate the effect of ageing on the diffusive migration of VOCs through
HDPE geomembranes, a permeation reduction factor (PR) was calculated by dividing the

permeation coefficient of aged geomembrane by that of unaged geomembrane (Tables
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5.5 and 5.6). The average permeation reduction factors for the geomembrane GM1 were
0.64 and 0.38, respectively after 13 and 32 months of ageing at 85°C. Similar reduction
factors were observed for the geomembrane GM2. For example, after 10 and 25 months
of ageing the average reduction factors were 0.64 and 0.40, respectively for the

geomembrane GM2.

The diffusive migration of VOCs through an HDPE geomembrane is
considered to be a molecular activated process and sufficient activation energy must be
concentrated within the zone of chain segments for a successful diffusion step to occur
(Michaels and Bixler 1961). The mobility of amorphous chain segments are reduced due
to the presence of a crystalline zone in the geomembrane. Because of the reduction in the
amorphous region, higher activation energy is required for the diffusion to take place
which eventually reduces the chance of diffusive migration (Michaels and Bixler 1961;
Rogers 1985; Naylor 1989). Diffusion through a polymeric material is also expected to
decrease because of the irregular shape of interconnected amorphous regions surrounded
by impenetrable crystallites (Michaels and Bixler 1961). The irregularities in amorphous
regions, or tortusity, increase as the degree of polymer crystallinity increases (Michaels
and Parker 1959). Thus higher crystallinity in the aged geomembrane lowered the
permeation of contaminants through the HDPE geomembrane because the crystalline
zones perform as an impermeable barrier for the diffusion process and reduce the volume
of amorphous material where partitioning can take place (Crank and Park 1968; Rogers

1985; Naylor 1989).
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5.4. CONCLUSIONS

The effects of ageing on the diffusive migration of a group of volatile organic
compounds (VOCs): benzene, toluene, ethylbenzene, xylenes (BTEX) through high
density polyethylene geomembrane were examined. Partitioning and diffusion tests were
conducted at room temperature using both unaged and aged geomembranes. The
diffusion (D,) and partitioning (Sg) coefficients were estimated from the best-fit

theoretical curves using a finite layer contaminant analysis program POLLUTE®V7.

Using data obtained for the two GMs at three crystallinities for each,
correlations were established between the diffusion characteristics of the geomembrane
and the degree of crystallinity. These relationships could be used to obtain preliminary
estimates of diffusion parameters for an HDPE GM with a given crystallinity. However,
if the values of diffusion parameters are critical to the performance of the system
laboratory tests should be performed for the particular material being examined. The
proposed equations gave good predictions of the diffusion, partitioning and permeation
coefficients for a geomembrane aged by 14 years exposure to leachate in a lagoon prior to

diffusion testing by Rowe et al. (2003).

It was shown that the diffusion, partitioning, and permeation coefficients all
decreased with an increase in geomembrane ageing. The permeation coefficients were
reduced by approximately 36% and 62% after 13 and 32 months of ageing at 85°C for
geomembrane GML1. For the geomembrane GM2, the reductions were about 36% and
60% respectively for 10 and 25 months of ageing at 85°C. The crystallinity of the

geomembrane controls the reduction in permeation coefficients for aged geomembranes
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and a strong correlation was developed between the various diffusion parameters and
crystallinity. Since diffusion occurs primarily through the amorphous zones of the
geomembrane and an increase in polymer crystallinity causes a decrease in the mobility
of amorphous chain segments there was a consequent decrease in the diffusive transport
of VOCs. The results of this study suggest that while the geomembrane remains intact,
the ageing of the geomembrane did not cause any increase in diffusive transport. Rather,
when the geomembrane crystallinity increased due to physical ageing, there was a
reduction in the diffusive migration of organic contaminants through the two different

HDPE geomembranes examined.
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Table 5.1. Selected properties of geomembranes.

Geomembrane # 1 (GM1) Geomembrane # 2 (GM2)
Properties Method Unit  Time=  Time= Time = Time=  Time= Time =

0 13 months* 32 months? 0 10 months* 25 months®
Thickness (nominal) ASTM D 5199 mm 1.5 1.5 1.5 1.5 1.5 1.5
Std-OIT ASTM D3895 min 174 0.92 0.89 135 1.41 1.53
HP-OIT ASTM D5885 min 903 67 63 244 81 79
Crystallinity ASTM E794 % 38 46 54 48 55 61
Ml ASTM D1238" g/10min 12.6 11.1 10.9 14.3 13.6 12.0
Density ASTM D792 g/cc 0.946 0.947
Tensile properties ASTM D6693
Strength at yield KN/m 28.5 31.9 33.4 27.8 315 30.5
Strength at break KN/m 60.8 59.0 52.9 44.8 42.5 30.0
Strain at yield % 23.5 21.3 21.5 21.2 21.8 22.6
Strain at break % 945 922 859 823 764 640
*Aged at 85°C

®Using 21.6 kg load
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Table 5.2. Selected properties® of organic contaminants tested.

Molecular weight

Density

Molar volume Aqueous solubility”

Boiling temperature

H C

Contaminants (g/mol) (glem?) (cm?) (mg/L) log K¥ow °C)

Benzene 78.11 0.8765 89.11 1780 2.13 80.1
Toluene 92.14 0.8669 106.28 515 2.79 110.6
Ethylbenzene 106.17 0.8670 122.46 152 3.13 136.2
m-Xylene 106.17 0.8642 122.85 162 3.20 138.0
p-Xylene 106.17 0.8802 122.47 156 3.18 138.3
0-Xylene 106.17 0.8811 120.62 152 3.13 144.0

®Montgomery and Welkom (1990) and Sangam and Rowe (2001).

bAt 20°C.
n-octanol/water coefficient.
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Table 5.3. Partitioning coefficients, S, from immersion tests for both unaged and aged geomembrane GM1 (all number
rounded to nearest 5).

Unaged GM, Time = 0 month Aged GM, Time = 13 months Aged GM, Time = 32 months
_ Crystallinity = 38% Crystallinity = 46% Crystallinity = 54%
Contaminants
ng(') ng(') ng(‘)
Uncorrected Corrected Modeled®  Uncorrected Corrected Modeled®  Uncorrected Corrected Modeled?

Benzene 75 55 60 65 45 45 45 25 30
Toluene 160 125 130 125 100 100 95 70 75
Ethylbenzene 395 315 340 375 290 300 285 215 245
m&p-Xylenes 505 380 420 415 305 345 305 220 255
0-Xylene 360 280 305 350 275 280 265 210 235

% Considering mass loss in modeling.
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Table 5.4. Partitioning coefficients, S, from immersion tests for both unaged and aged geomembrane GM2 (all number
rounded to nearest 5).

Unaged GM, Time = 0 month Aged GM, Time = 10 months Aged GM, Time = 25 months
Crystallinity = 48% Crystallinity = 55% Crystallinity = 61%
Contaminants
Sgi(-) Sgi(-) Sgi(-)
Uncorrected Corrected Modeled® Uncorrected Corrected Modeled® Uncorrected Corrected Modeled?

Benzene 60 40 45 45 30 35 40 25 25
Toluene 100 75 90 90 65 80 75 50 65
Ethylbenzene 345 275 305 290 220 265 265 200 240
m&p-Xylenes 380 280 365 300 215 285 280 200 250
0-Xylene 305 240 275 260 205 240 240 185 225

Considering mass loss in modeling.
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Table 5.5. Partitioning (Sgr), diffusion (Dg) and permeation (Pg) coefficients from diffusion tests on both unaged and aged
geomembrane GM1 (Sqs values rounded to nearest 5, Dy and Py rounded to two significant digits).

Unaged GM, Time =0 month ~ Aged GM, Time = 13 months  Aged GM, Time = 32 months

T L Lo
Contaminants Crystallinity = 38% Crystallinity = 46% Crystallinity = 54% PRE PR,
Syt Dy Py Syt Dy Py Syt Dy P,
()  (10"2m?%s) (10Pm?s) (1) (102m?%s) (10m%s) () (10™2m?s) (102m?s)
Benzene 55 0.24 13 45 0.18 7.9 35 0.14 4.9 0.60 0.37
Toluene 125 0.22 28 100 0.8 18 80 0.14 11 0.67 0.41
Ethylbenzene 345 0.18 62 300 0.14 42 230 0.11 25 0.68 0.41
m&p-Xylenes 440 0.17 75 350 0.3 46 260 0.10 26 0.61 0.35
0-Xylene 320 0.17 54 290  0.12 35 235 0.09 21 0.64 0.39

Average = 0.64 0.38
*Permeation reduction factor, PR; = P¢(13-month aged)/P4(unaged).
®Permeation reduction factor, PR, = P4(32-month aged)/P4(unaged).
‘Average represents the average of PR values for benzene, toluene, ethylbenzene, m&p- xylenes, and o-xylene.
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Table 5.6. Partitioning (Sgr), diffusion (Dg) and permeation (Pg) coefficients from diffusion tests on both unaged and aged
geomembrane GM2 (Sq values rounded to nearest 5, Dy and Py rounded to two significant digits).

Unaged GM, Time =0 month  Aged GM, Time = 10 months Aged GM, Time = 25 months

initv = 489 initv = 559 initv = 619

Contaminants Crystallinity = 48% Crystallinity = 55% Crystallinity = 61% PR PR

ng Dg Pg ng Dg Pg ng Dg Pg

() (10"2m?%s) (10m%s) (1) (107?m%s) (10Pm%s)  (-)  (10m?s) (107?m?s)
Benzene 50 0.19 9.5 40 0.15 5.7 30 0.13 3.9 0.60 0.41
Toluene 100 0.19 19 80 0.15 12 60 0.11 6.6 0.63 0.35
Ethylbenzene 310 0.16 50 270 0.12 32 230  0.09 21 0.65 0.42
m&p-Xylenes 340 0.15 51 290 011 32 250  0.08 20 0.63 0.39
0-Xylene 295 0.14 41 255  0.11 28 220  0.08 18 0.68 0.44

Average®=0.64 0.40
*Permeation reduction factor, PR; = P¢(10-month aged)/P4(unaged).
®Permeation reduction factor, PR, = P4(25-month aged)/P4(unaged).
‘Average represents the average of PR values for benzene, toluene, ethylbenzene, m&p- xylenes, and o-xylene.
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Table 5.7. Relationships between partitioning (Sqr), diffusion (Dg) and permeation (Pgy) coefficients with geomembrane
crystallinity (C) based on best-fit curves; unit of crystallinity (C) is %.

Contaminants

Partitioning Coefficient

Diffusion Coefficient

Permeation Coefficient

Syt () Dy (m?/s) Py (M?/s)
Benzene Sgt =98 - 1.111C Dg = 4.17><210‘13 -4.9x10°C  Py= 4.6x10™ - 1%.4><10'13c +7.4x107°C*
R?= 0.897 R?=10.938 R®=0.94
Toluene Sy = 232 -2.801C Dy = 4.04><210‘13 -4.8x10"°C  Pg= 7.2x10™M - 123.5x10'1?’c +4.5x10™°C?
R?=0.994 R?=0.952 R?=0.985
Ethylbenzene Sqt = 546 - 5.297C Dy = 3.31><210'13 -3.9x10"°C  Py=15.1x10" - 226.7><10'13C +8.4x107°C?
R?=0.857 R?=0.909 R?=0.909
m&p-Xylenes St = 749 - 8.519C Dy = 3.21><210‘13 -3.9x10"°C Py =26.5x10"" - 662.73x10'13c +43.4x10™°C?
R?=0.938 R?=0.909 R? =0.957
o-Xylene Sqr =499 - 4.50C Dy = 3.11><210‘13 -3.8x10"°C Py =15.8x10"" - 342.49x10'13c +18.7x10™°C?
R®= 0.915 R®=0.877 R?=0.911
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Table 5.8. Relationships between partitioning (Sqr), diffusion (Dg) and permeation (Pgy) coefficients with geomembrane
crystallinity (C) for regression lines through zero at 100% crystallinity; unit of crystallinity (C) is %.

Partitioning Coefficient

Diffusion Coefficient

Permeation Coefficient

Contaminants Syt (<) Dy (mz /s) P, (m2/s)

Benzene Sqr = 85 - 0.854C Dy = 3.49><210‘13 -3.5x10™°C Py = 2.8x10™ - 52.45x10'13c +2.6x107°C*
R?=0.988 R?=0.988 R? = 0.956

Toluene Sqt = 186 -1.869C Dy = 3.36><210'13 -3.4x10"°C Py= 7.0x10 - 124.6><10'13C +7.7x10"°C?
R?=10.989 R?=0.988 R?=0.949

Ethylbenzene Sq1 =562 - 5.618C Dg = 2.71><210'13 -2.7x10™°C Py = 15.6x10™" - 321.42x10'13c +15.8x107°C?
R? = 0.994 R?=0.983 R?=0.970

m&p-Xylenes Sqr = 652 - 6.537C Dg = 2.52><210'13 -2.5x10™°C Pg=17.4x10™" - 325.22x10'13c +17.9x107°C?
R?=0.991 R?=0.977 R? = 0.965

0-Xylene Sqr = 537 - 5.364C Dg = 2.42><210'13 -2.4x10™°C Py =12.8x10™" - 225.2><10'13c +12.4x107°C?
R? = 0.996 R?=0.972 R? = 0.951

183



Norm. Benzene Conc. (c/c,)

Norm. Ethylbenzene Conc. (c/c,)

1.2

0.2

Norm. Toluene Conc. (c/c,)

0.0

20 40

60

Time (days)

...... ﬁﬁ:__

& —o— —

i =
= T =

0.2 - -
0.0 ! | ! | ! | ! | !

0 20 40 60 80 100
Time (days)

12 T T T T T T T T T

Norm. m&p-Xylenes Conc. (c/c,)

20 40 60 80 100 ' 0 20 40 60 80 100
Time (days) Time (days)
1.2 T T T T T T T T T

O Observed (t = 0mo) —
o Observed (t = 13mo) g
A Observed (t = 32mo) -
Modeled (t = 0mo)

Modeled (t = 13mo)
Modeled (t = 32mo)

1.0%

Norm. o-Xylene Conc. (c/c,)
o
(2]

0.4
N - SENEC T S
0.0
0 20 40 60 80 100
Time (days)
Figure 5.1. GM1 Partitioning tests: variation in observed and modeled

concentrations of benzene, toluene, m&p-xylenes, and o-xylene with
time for both unaged and aged geomembranes.

184



1.2

20 40 60 80
Time (days)

1.2 T T T T T T T
S &
S s
g 2
[@}
S S
(5] [<5)
3 S
& - =
@ 04| 4 R
e I 1 E I
— — (@) —
S 02 S 02
00 L 1 L 1 L 1 1 00
0 20 40 60 80 100 0
Time (days)
1.2

Norm. Ethylbenzene Conc. (c/c,)

Norm. m&p-Xylenes Conc. (c/c,)

Time (days)
1.2

3
L
&
&)
c
S
O
S
& 0.6
>
X
o
E
S
P

1.0

0.2

0.0

Figure 5.2. GM2 Partitioning tests:

Time (days)

0.4

Observed (t = 0mo) —
Observed (t = 10mo) b
Observed (t = 25mo)
Modeled (t = 0mo)
Modeled (t = 10mo)
Modeled (t = 25mo)

40 60
Time (days)

variation

in observed and modeled

concentrations of benzene, toluene, m&p-xylenes, and o-xylene with

time during partitioning tests on both unaged and

geomembranes.

185

aged



Norm. Benzene Conc. (c/c,)
Norm. Toluene Conc. (c/c,)

Time (days) Time (days)
12 T T v T v T v T v 12 v T v T v T v T

Norm. Ethylbenzene Conc. (c/c,)
Norm. m&p-Xylenes Conc. (c/c,)

Time (days) Time (days)
12

O Observed (t = 0mo) 1
O Observed (t = 13mo) -
A Observed (t = 32mo)
Modeled (t = 0mo)
———— Modeled (t = 13mo)
............... Modeled (t = 32mo)

=
o

08%

0.4

0.2

Norm. o-Xylene Conc. (c/c,)
o

Time (days)

Figure 5.3. Diffusion tests on GML1: variation in observed and modeled
concentrations of benzene, toluene, m&p-xylenes, and o-xylene with
time during diffusion tests on both unaged and aged geomembranes.

186



92—

1.2

Norm. Benzene Conc. (c/c,)

Norm. Toluene Conc. (c/c,)

Time (days)

Time (days)

1.2 T T T T v T T

Norm. Ethylbenzene Conc. (c/c,)

Norm. m&p-Xylenes Conc. (c/c,)

Time (days)
1.2

1.0

0.4

0.2

Norm. o-Xylene Conc. (c/c,)

0.0 Gsoe:

O Observed (t = 0mo)
O Observed (t = 10mo)
A Observed (t = 25mo)
Modeled (t = 0mo)
Modeled (t = 10mo)
Modeled (t = 25mo)

20 40 60 80
Time (days)

Time (days)

Figure 5.4. Diffusion tests on GM2: variation in observed and modeled
concentrations of benzene, toluene, m&p-xylenes, and o-xylene with
time during diffusion tests on both unaged and aged geomembranes.

187



500 ——————T———————
Z 00t -
% L i
E 300 —
(@] L i
2 =

S 200 -
i) i |
< 100 [ T ma_ .
o i3> B

i A= AL— A A
ol 1w

00— T T T T T
0.25 - —
0.20 -
0.15

0.10 -

0.05 - =

Diffusion Coeff, D, (10 m?/s)

0.00 L | L | L | L | L | L | L

100 T
Q i GM1 GM2 i
= A A Benzene
o 80 - u O  Toluene -
o ¢ O Ethylbenzene
= i ° O m&p-Xylenes 7|
a” 60 ¢ v V  o-Xylene
- \
o 40t % -
c A\
8 20¢f =
S A A\
L . - |
olb— 1t v T .

30 3 40 45 50 55 60 65
Crystallinity (%)

Figure 5.5. Variation in partitioning (Sgr), diffusion (Dg), and permeation (Pg)
coefficients with crystallinity for both GM1 and GM2 based on best-fit
curves.

188



500 T T L T T L T T T

400 -

300 -

200 -

Partitioning Coeff, Sy (-)

100 -

0.30 —

0.25 -

0.20 -

0.15 -

0.10 -

0.05 -

Diffusion Coeff, Dy (10 m’ss)

0.00 .
30

100 —————————————7—

Benzene
Toluene

80 A A
| m]
& O Ethylbenzene
° o}
v \

mé&p-Xylenes _|
0-Xylene

60 -

40 -

20 -

Permeation Coeff, P (10 m°/s)

30

Crystallinity (%)

Figure 5.6. Variation in partitioning (Sy), diffusion (Dg), and permeation (Pg)
coefficients with crystallinity for both GM1 and GM2 considering that
the regression lines meet zero at 100% crystallinity.

189



CHAPTER 6

IMPACT ON LANDFILL LINER TIME-TEMPERATURE HISTORY

ON THE SERVICE LIFE OF HDPE GEOMEMBRANES

6.1. INTRODUCTION

The temperature in a landfill, and especially that at the base and side slope of a
landfill, has the potential to impact the long-term performance of landfill liner systems
(Rowe 2005). The biodegradation of municipal solid waste (MSW) or the heat of
hydration of incinerated bottom ash are the primary factors contributing to the generation
of heat in a landfill (Klein et al. 2001; Yoshida and Rowe 2003; Rowe 2005, Yesiller et
al. 2005; Koerner et al. 2008). The temperature in a landfill, and hence the liner
temperature, depends on various factors such as the type of waste, moisture content of
waste, biomass content, rate of waste filling, thickness of waste, climate of the region etc.

(Brune et al. 1991; Collins 1993; Lanini et al. 2001; Hanson et al. 2005; Rowe 2005).

The decomposition of waste occurs both aerobically and anaerobically.
However, the aerobic decomposition phase starts earlier than the anaerobic
decomposition phase. The chemical reactions that occur during the microbial
decomposition of a major component of solid waste (e.g., glucose) are shown in Equation

(6.1) and Equation (6.2), respectively (Collins 1993).

Cgl190g —> 3CH 4 +3C0O,»+100 kJ/mol (anaerobic) (6.2)
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The heat production during the aerobic and anaerobic decompositions of waste are 1770
and 100 kJ/mol, respectively. Dach and Jager (1995) reported maximum temperatures of
85 and 70°C in the waste due to the aerobic and anaerobic decomposition of waste,
respectively. Both thermophilic and mesophilic microorganisms are responsible for the
decomposition of municipal solid waste and the optimum range of temperature for their
growth is about 50-60°C and 30-40°C, respectively (Cecchi et al. 1993; Zanetti et al.

1997).

Rowe (2005) provided the first assessment of the likely effect of liner
temperature history on Stage | (antioxidant depletion) of the service life of a
geomembrane. This study expands on that initial work based on several years of
additional field data relating to liner temperature and for the first time also addresses all
three stages of the service life of geomembranes based on recently published
geomembrane ageing data. Thus the objective of this study is to examine data related to
landfill liner temperatures and then to use idealized temperature histories, guided by this
data, to predict the service life of a primary HDPE geomembrane liner used as part of a
modern engineered barrier systems for a number of scenarios and hence provide some

insight regarding the long-term performance of these systems.

6.2. PUBLISHED DATA REGARDING LANDFILL LINER TEMPERATURE

Several researchers have investigated temperature in the main body of the
waste as well as at the base of the landfills. To provide context for the subsequent
discussion of the effect of liner temperature on liner service life, a brief description on the

temperatures that have been reported in the literature is given below.
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The temperature at the Brock West Landfill located at Pickering, Ontario,
Canada was investigated by Bleiker (1992). The height of waste was approximately 60 m
and the base liner was a 150 mm thick soil-bentonite mixture. The leachate collection
system of this landfill was comprised of a series of pipes in a pea gravel bedding (French
drains) at spacing ranging between 50m (in newer portions of the landfill constructed in
1987-88) and 200 m (in older portions of the landfill). The first waste was placed in the
landfill in 1975. The height of leachate was reported to be approximately 20 m after 11
years of landfilling due to the clogging of the leachate collection system (Rowe 1998).
Anaerobic decomposition of waste gave rise to a temperature of about 60°C at a depth of

20m; temperature at the liner is unknown.

Collins (1993) conducted temperature monitoring studies at two locations in a
landfill located at the City of Hannover in Germany. The landfill was constructed and
closed in the period between 1936 and 1980 and the temperatures were monitored (along
the vertical depth of the landfill) for about 12 years post closure. The average height of
waste in the landfill was about 60 m. At one location, where the leachate mound was
about 6 m above the landfill base, the maximum temperatures were reported to be 60 and
65°C, respectively at the base and at about 7 m above the base of the landfill. At the other
location, where the leachate head was about 4 m above the base, anaerobic decomposition
of waste gave rise to temperatures of 30 and 64°C at the base and at about 27 m above the

base of the landfill, respectively.

Brune et al. (1991) reported temperatures of 24-38°C at the leachate drainage

pipe at the Altwarmbiichen Landfill in Germany about 4 years after construction of the
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final cover. Gartung et al. (1999) monitored temperatures at three sections of a municipal
solid waste landfill located at Bavaria, Germany after approximately 6, 8, and 10 years of
landfilling. The height of waste was approximately 20 m. The leachate collection system
of this landfill, a continuous blanket of crushed lime stone, was working perfectly at the
time of monitoring and the height of leachate was reported to be only a few millimeters.
Maximum temperatures of approximately 44-64°C were observed at approximately
middle depth of the landfill. The temperature at the base of the landfill was reported to be

35-53°C.

The temperature at a 20 m thick cell containing compacted municipal and
industrial wastes in France was reported by Lefebvre et al. (2000). A composite
(geomembrane/clay) cover was constructed about one year after completion of
landfilling. The temperature in the waste increased rapidly from less than 15°C to about
35 to 50°C within the first 20 days of waste placement in the landfill. The initial increase
of temperature was due to the aerobic activity in the landfill which was confirmed by the
generation of carbon dioxide gas (about 40-70%) and the presence of oxygen (about 2-
16%) in the waste. After the placement of the final cover the measured level of oxygen in
the waste was zero and anaerobic decomposition of the waste gave rise to waste

temperatures of about 50-60°C.

Yoshida and Rowe (2003) described the observed and predicted temperatures at
the base of the 35m thick Tokyo Port Landfill in Japan (Figure 6.1). The base of the
landfill was a natural clay liner with no effective leachate collection systems.

Temperature monitoring commenced about 7 years after commencement of waste
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placement. At this time the height of leachate was reported to be about 18 m above the
base. This leachate level decreased to about 11 m over the next 7 years and then
remained relatively constant to the end of the reporting period. A maximum temperature
of 66°C was monitored at a height of 18.5 m above the base of the landfill after 7 years of
waste placement. The temperatures 2.5 m above the base and at the base were reported to
be 50 and 45°C respectively after 7 years of landfilling, remained relatively constant for
the next 6-10 years, and decreased slowly afterwards. Modelling that was calibrated
against the observed temperatures in the waste gave predicted top of liner temperatures as
shown in Figure 6.1 with a peak value of 45°C at about 10 years reducing to about 30°C

at 30 years.

An investigation into the variation of temperature, thermal gradients, and heat
generation capacity over periods of approximately 1-5 years was reported by Yesiller et
al. (2005) for four different North American landfills. Maximum temperatures were
observed at the central depth of those landfills with temperatures of 33, 43, 56, and 32°C
at the Alaska, British Columbia, Michigan, and New Mexico landfills, respectively. The
temperatures at the base of the landfills were approximately 10-30°C. The rate of waste
filling had a significant effect on the rate of increase in temperature at these landfills. For
example, the rates of waste filling at the Michigan and New Mexico landfills were 20-27
m/year and 4 m/year, respectively and the corresponding monitored temperatures were
56°C and 32°C, respectively. It should be noted that the age of waste was reported to be
similar (i.e., approximately 4 years) at the Michigan and New Mexico landfills. It is not
known how these temperatures may have changed with subsequent time and this needs to

be considered when interpreting this data.
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Koerner et al. (2008) monitored temperatures at the base of a 70 m thick MSW
landfill located at Philadelphia, PA, USA (Figure 6.2). The base of the landfill had a
double composite liner. The temperatures on the primary geomembrane were monitored
at two landfill cells designated as “dry” and “wet” (Figure 6.2). Liquids were added to the
wet cell to accelerate the biodegradation of waste; however, no liquids were added in the
dry cell. The temperature of the dry cell was more or less constant (e.g., 20°C) for the
first 5-6 years of landfilling after which time the temperature increased to 33°C after
about 7 years and has remained relatively steady for the next 6 years. The temperature of
the wet cell increased rapidly to 50°C after 5-6 years of landfilling. The temperature may
be leveling off at about 50°C but could also still increase further and both possible

scenarios will be considered in the following discussions.

Klein et al. (2001) reported temperatures at the base liner (2.5 mm HDPE
geomembrane over 0.6 m of compacted clay layer) for a municipal solid waste
incineration bottom ash landfill at Ingolstadt, Germany for a period of about three years
(Figure 6.3). The height of waste in the landfill was about 9 m. The landfill has an
operating granular blanket leachate collection system with a (16-32 mm) gravel layer.
Exothermic reactions within the waste gave rise to a maximum temperature of 87°C at 6
m above the base of the landfill after 3 months of disposing of the bottom ash. After
reaching the maximum temperature, the temperature decreased to about 43°C by the end
of the reported period (i.e., 33 months). The temperature at the base of the landfill
increased to about 46°C after 17 months of ash placement and was about 40°C after 3

years. This example illustrates the need to consider temperature effects even for landfills
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that do not have organic waste. However, the remainder of the Chapter will focus on

MSW landfills that accept organic waste as part of the waste stream.

6.3. TEMPERATURE AT THE BASE OF THE KEELE VALLEY LANDFILL

IN MAPLE, ON, CANADA

This section describes the most recent (to December 2006) temperatures that
have been observed at the Keele Valley Landfill (KVL) in Maple, ON, Canada. The
disposal of waste started in 1983 and continued until closure at the end of 2002. The
landfill covers almost 100 hectares and has a maximum waste thickness of about 65 m.
The landfill liner is compacted clay (CCL) with a thickness of about 1.2-1.7 m and a
hydraulic conductivity of less than 10°m/s (King et al. 1993). A 0.3 m thick sand layer
was placed over the CCL to retard the desiccation of the clay prior to waste placement.
The landfill was constructed in four stages (referred to as Stages 1-4). The leachate
collection system for Stages 1-2 comprised French drains at a spacing of 65 m while that

for Stages 3-4 comprised a continuous granular drainage blanket.

The liner temperatures at four locations in the landfill were reported up to 1998
by Barone et al. (2000) and to December 2003 by Rowe (2005). Figure 6.4 shows the
variations in liner temperature and leachate head with time at the same four locations in
Stages 1-4 to December 2006. A slow increase in temperature was observed in Stage 1 (at
Lysimeter 3) during the first 5 years with an average temperature of approximately 12°C
while the average leachate head was about 1 m. Then the temperature increased rapidly
and reached about 37°C over the next 9 years. This rapid increase in temperature

coincided with an increase in the leachate head from 1 m to 7 m. The temperature
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remained relatively constant at 37°C between 1999 and 2006. The maximum leachate
head of 8 m was observed in 2002 and has subsequently decreased to about 6 m at the
end of 2006 due to the construction of a low permeability landfill cover at landfill closure

(2002).

The temperature in Stage 2 (at Lysimeter 7) increased slowly between 1988 and
1991 while the leachate head was at the design value (1 m) but then increased rapidly to
about 35-36°C in 2005. The temperature remained relatively constant between 2005 and
2006. The leachate head increased gradually from 1 m to 5 m between 1991 and 1998 but
then started decreasing after the installation of the final cover and had reduced to about 2
m by the end of 2006. In Stage 3 (Lysimeter 14B) the temperature was about 10°C for
the first 6 years but then increased rapidly to about 37°C by the end of 2006. In Stage 4
(Lysimeter 16A) the temperature increased at a relatively constant rate from 7°C to 35°C
between 1992 and 2006. For both Stages 3 and 4, the temperature was still increasing at
the end of 2006. No significant leachate mound was observed for Stages 3 and 4 up to

2006.

Figure 6.5 shows the variations in temperature with time at twelve monitoring
locations in Stages 3 and 4 where the leachate head was less than 0.3 m. The temperature
was between about 7 and 20°C within the first 8 years but then increased rapidly to about
37 - 40°C over the next 4 to 6 years and has remained relatively constant to the end of the
monitoring period. The time lag between the installation of the monitors and the onset of

temperature increase is probably due to the time required for the accumulation of
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sufficient moisture in the waste to allow significant biodegradation and hence heat

generation and conduction to the liner (Rowe 2005).

The data from the KVL is consistent with the published data discussed earlier.
Based on the foregoing it appears that for MSW landfills the temperature increases to a
maximum value within about 4-16 years of the commencement of landfilling at a given
location and stays at peak temperature for a period of time. It then starts to decrease
(although in no case is there sufficient time history of data to show a return to the original

temperatures as may be expected eventually).

6.4. POTENTIAL EFFECT OF TEMPERATURE ON THE CONTAMINANT

CONTAINMENT SYSTEMS

Higher temperature of the landfill liner will affect various contaminant
transport parameters such as the diffusion coefficient of contaminants, hydraulic
conductivity of GCL or CCL, half-life and solubility of contaminants (Collins 1993;
Barone et al. 2000; Rowe and Arnepalli 2008). To illustrate the effect on hydraulic
conductivity of a compacted clay liner, Figure 6.6 shows the variation in annual average
hydraulic conductivity with time for the liner at Lysimeter 3 in the Keele Valley Landfill.
The hydraulic conductivity decreased significantly within the first few years (1984 -
1991) due to the decrease in void ratio of the clay arising from liner consolidation as the
mass of waste above the liner increased (Rowe 2005). Subsequently the hydraulic
conductivity gradually increased as the liner temperature increased and then stabilized as
the liner temperature stabilized (see Figure 6.4). To more clearly demonstrate the role of

temperature, Figure 6.7 plots the annual average hydraulic conductivity versus the annual
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average liner temperature between 1991 and 2006 at Lysimeter 3. The theoretical
variation of hydraulic conductivity with temperature (Barone et al. 2000) is also shown
and the field variation in hydraulic conductivity is in good agreement with the theoretical
prediction. The potential effect of temperature on contaminant transport due to changes

in the transport parameters has been examined by Rowe and Arnepalli (2008).

Higher temperature could result in the desiccation of a GCL or CCL (Southen
and Rowe 2004, 2005; Rowe 2005) and accelerate the clogging of granular drainage layer
of the leachate collection systems (Rowe et al. 1997; Fleming et al. 1999). The properties
of polymeric materials (e.g., HDPE geomembrane, HDPE pipe) are also significantly
dependent on temperature (Budiman 1993). Several researchers (Hsuan and Koerner
1998; Sangam and Rowe 2002; Gulec et al. 2004; Rowe 2005; Rowe et al. 2008a,b;
Rowe and Rimal 2008a,b) have shown that higher temperature will significantly lower
the service lives of HDPE geomembranes and pipes used as a component of modern
engineered barrier systems. These analyses have mostly focused on observing, and in
some cases predicting, the service life at a given temperature. However, as illustrated
earlier, the temperature of the liner does not remain constant but varies with time. Thus

in the following section the effect of temperature time history will be explored.

6.5. PREDICTION OF GEOMEMBRANE SERVICE LIFE BASED ON

LANDFILL LINER TEMPERATURE HISTORY

To incorporate the landfill liner temperature history in the prediction of the
service life of an HDPE geomembrane, it is necessary to assume an idealized temperature

variation with time such as that shown in Figure 6.8. The temperature at the base of the
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landfill is assumed to start at T, (typical ground temperature in the absence of landfilling)
and remained constant until a time t; (which may in some cases be zero). The temperature
then increased linearly to a peak value of T, at time t, and remained constant until a time
t3. After time t3, the temperature decreased linearly and reached the initial temperature T,

at time t, and remained constant thereafter (Figure 6.8).

The service life of HDPE geomembranes is normally evaluated using the three-
stage degradation model proposed by Hsuan and Koerner (1998). According to this
model, the service life of HDPE geomembranes is considered to be given by the sum of
the time in each of the following three stages: Stage I-depletion of antioxidants, Stage I1-
induction time to onset of polymer degradation, and Stage IlI-degradation to failure
(failure is considered when a particular GM property decreased to the 50% of the initial

or the specified value).

The following sub-sections describe the methods used in predicting the
duration of each stage of GM service life considering the idealized liner temperature
history shown in Figure 6.8. Since not all geomembranes are the same and since the
method of ageing can also affect the service life of the geomembrane, consideration will
be given to eight cases involving 6 different geomembranes (Table 6.1) for which data is
available with respect to Stage | of the service life. The data from the ageing tests cited in
Table 6.1 is used to make the predictions presented in this section. The geomembranes
GM1, GM2, and GM3 were manufactured by GSE Lining Inc. TX, USA and the
geomembranes GM4, GM5, and GM6 were manufactured by Solmax International,

Quebec, Canada. It should be noted that the geomembranes GM1a and GM1b are the
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same geomembrane but the method of ageing is different. Similarly, geomembranes
GM4a and GM4b are the same geomembrane but the method of ageing is different. For
ageing method “A” the geomembrane was immersed in simulated MSW leachate. This is
the most common ageing tests reported in the literature [Hsuan and Koerner 1998;
Sangam and Rowe 2002; Gulec et al. 2004; Rowe 2005; Rowe et al. 2008a (Chapter 2);
Rowe et al. 2008b (Chapter 3)] but is likely to be over conservative since it implies that
the geomembrane is exposed to fresh leachate on both sides whereas for most of the
geomembrane in composite landfill liners (i.e., that away from holes) the top may be
exposed to leachate but the bottom is usually in contact with a clay liner and not leachate
(Rowe 2005). Ageing method “B” (Rowe and Rimal 2008a) attempted to address this
concern and is for a simulated composite liner with the top face of the geomembrane
exposed to leachate and the bottom face exposed to a hydrated GCL. In this case there is
no applied stress and hence while better than method A, this approach may be
unconservative since any effect of applied stress is neglected. Ageing method “C” [Rowe
et al. 2008c (Chapter 4)] is the most realistic and involves a full simulated composite
liner (from bottom up: a sand foundation layer, geosynthetic clay liner (GCL),
geomembrane, geotextile protection layer, and gravel drainage layer with circulating
simulated MSW leachate) subject to a 250 kPa stress applied to the gravel leachate

collection layer.

6.5.1. Prediction of Time to Complete Stage I- Depletion of Antioxidants

The depletion of antioxidants is normally evaluated using the following

equation (Hsuan and Koerner 1998):
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OIT, = OIT ¢! (6.3)

where OIT, = OIT remained at any time t (min), OIT, = initial OIT (min), s = antioxidant
depletion rate (month™), # = time (month). The antioxidant depletion rate at a temperature
of interest is generally evaluated using the Arrhenius equation (Hsuan and Koerner 1998)

as shown in the following:
Aex ('Ea ) (6.4)
S = —_— .
P RT

where E, = activation energy (J.mol™), R = universal gas constant (8.314 J.mol™.K™), T'=
absolute temperature (K), and 4 = a constant often called a collision factor. The
parameters of the Arrhenius equation (i.e., E, and 4) are normally evaluated from the plot
of In(s) vs. (1/T) drawn for at least three temperatures. The antioxidant depletion time is
calculated from Equation (6.3) by substituting the antioxidant depletion rate from

Equation (6.4).

Equation (6.4) can be used directly to predict the antioxidant depletion rate at a
constant temperature. In the case when the temperature is increasing, the average

antioxidant depletion rate, s,,, should be used (Rowe 2005) where:

I —E
[ Aexp a dt
A R{TO +a(t—tlﬂ
Sqy = (6.5)
fp=1h

and « is the rate of temperature increase with time given by:
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a=-+L_29 (6.6)

Similarly, when the temperature is decreasing the average antioxidant depletion rate can

be written as:

Sqy = (6.7)

where £is the rate of temperature decrease with time given by:

T -T
p=-L_2° (6.8)

Table 6.2 summarizes 22 idealized landfill liner time-temperature histories
based, where possible, on data from four different landfills located in Canada, Germany,
Japan, and the USA. Typically several idealized cases are related to each landfill data set
to reflect possible scenarios in the time periods when data is not available (e.g., the period
at maximum liner temperature is generally not well defined and in no case has the
temperature yet gone back to the original ground temperature). To demonstrate the effect
of the different time histories (and assumptions where data is not available), all 22
idealized cases were used to predict the antioxidant depletion time (Stage 1) as

summarized in Table 6.3.

203



The results presented in Table 6.3 demonstrate the importance of the method of
ageing of the geomembrane on the predicted geomembrane service life. The typical
method adopted in the literature for ageing of geomembranes is by immersion in the
fluid/leachate of interest (method “A” in this Chapter). In all cases where the
geomembrane was aged by immersion in leachate (GM1a, 2, 3, 4a, 5, and 6) the time to
antioxidant depletion was relatively small (7-37 years depending on the case). In
contrast, for the geomembranes aged in simulated composite liner systems (GM1b & 4b)
the time to antioxidant depletion ranged between relatively small values (a low of 10
years for Case 16) and high values (210 and 750 years for Case 4). The results obtained
using conventional immersion may approximate the conditions in that portion of the
geomembrane liner where there is a hole and hence leachate is already on both sides of
the geomembrane. However they are too conservative for the majority of the
geomembrane that is intact and hence leachate is only in contact with the upper portion of
the geomembrane. Since the latter case represents the bulk of a newly constructed
composite liner, the following discussion of antioxidant depletion will focus on the

results for simulated composite liners (GM 1b and 4b).

The results presented in Table 6.3 illustrate the potential effect of time-
temperature history on the time to antioxidant depletion (Stage I). For example, Cases 1-
2 are based on the observed temperatures at Lysimeter 7 of the KVL (Figure 6.4). For
geomembrane GM4b (simulated landfill conditions), the antioxidant depletion time
decreased from 730 years to 680 years when the duration over which temperature
decreased increased from 14 years (Case 1) to 24 years (Case 2). A similar decrease in

antioxidant depletion time (from 190 to 170 years) was observed for the geomembrane
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GM1b (again simulated landfill conditions). In both cases the time to depletion of
antioxidants is large and for these time histories the geomembrane will perform
adequately as long as needed. However, the time that the temperature remains at or near
the peak (t5-t;) can have a critical effect on the time to antioxidant depletion as illustrated
by Case 3, which is similar to Case 1 except that the temperature in Case 3 remains at the
peak (35°C) for 34 years instead of 10 years (Case 1). For GM1b the time to antioxidant
depletion of 50 years falls within the time histories being examined although for another

geomembrane (GM4b) the depletion time is still long (380 years).

Cases 6-7 are based on the temperature of the dry cell of the Philadelphia
landfill (Figure 6.2). It is assumed that the peak temperature of about 33°C would only be
sustained for 9 years (Case 7) to 13 years (Case 6). Under these circumstances the time to
antioxidant depletion (95-270 years) is much longer than the time assumed for all heat to
be dissipated (40-45 years). However, the situation is not as good when the temperature

increases to 43°C or higher as discussed below.

Cases 10-16 are based on the temperature of the wet cell of the Philadelphia
landfill (Figure 6.2) where moisture was added to the waste. For Cases 10-12, where the
average peak temperature is assumed to be 50°C, the time that the temperature remains at
50°C becomes critical. In Case 10 where the time at peak is assumed to be 8 years with
full temperature stabilization in 24 years, the times to antioxidant depletion (17-61 years)
are well in excess of the time to temperature stabilization and hence the geomembrane
service life is likely to be adequate since the expected times in Stages Il and 111 are quite

long at 20°C (or less) as will be discussed in more detail later. However, if the
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temperature were to remain at peak for 24 years (Case 12) the time to antioxidant
depletion drops to 16-19 years and there is a need to examine the other stages of the
service life to assess whether the geomembrane service life would be adequate. If the
peak temperature goes to 60°C then antioxidant depletion occurs at 12 years (Cases 13-
15), only 4 years after the peak temperature is reached and the service life of the

geomembrane requires very careful examination.

Cases 17-18 are based on the temperature of the landfill at Ingolstadt, Germany
(Figure 6.3) and Cases 19-22 are based on the temperature of the Tokyo Port Landfill in
Japan (Figure 6.1). Cases 17 and 18 illustrate the significance of the time at peak
temperature while Cases 19 and 22 illustrate the effect of the time over which
temperature decreases from a peak temperature of 45°C (Cases 19-20) and 50°C (Cases
21 and 22) to normal ground temperature. These results demonstrate that 6-10 years at
45-50°C can have a profound effect in terms of depleting the antioxidants in the

geomembrane.

In summary, for a geomembrane aged in a simulated landfill liner system
(GM4b) the antioxidant depletion times varied from 10 years to 750 years for the 22 time
histories examined, with the higher end of the range (750 years; Case 4) corresponding to
an idealized case based on the temperatures observed at monitors in the KVL where
leachate head was less than 0.3m and the average peak temperature was 37°C (Figure
6.5). The lower end of the range was 10 years for a peak liner temperature of 70°C (Case
16) and 12 years for a peak liner temperature of 60°C (Cases 13-15). At the longer end of

this spectrum, the contaminating lifespan (Rowe et al. 2004) can be expected to be
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reached (and hence the geomembrane is no longer needed to protect the environment)
while the geomembrane is still in Stage | (i.e., antioxidants are still not depleted).
However, at the shorter end of the spectrum where antioxidants are depleted in 10-30
years (Cases 11-16, 18, 21-22), the length of time in Stages Il and 111 will be quite critical

to the long-term performance of the geomembrane.

Relative to the likely contaminating lifespan of modern landfills (Rowe et al.
2004), quite short times (7-21 years for GM1a and 8-23 years for GM4a) are predicted
for all cases (1-22) for a geomembrane with leachate on both sides of the geomembrane
(as would be expected near holes in a geomembrane). Thus a failure mechanism for
geomembranes that requires consideration involves the progressive breakdown of the
geomembrane (probably by stress cracking in areas of high tensile strain due to wrinkles
and/or inadequate geomembrane protection; Take et al. 2007; Brachman and Gudina
2008a,b) where leachate has managed to get below the geomembrane due to the presence
of a hole at the time of construction (especially a hole in a wrinkle; see Rowe, 2005).
Once a new crack appears, leachate will spread out further and cause more accelerated
ageing of geomembranes that had previously only had leachate on one side and hence
previously slow depletion for many of the temperature histories examined. Thus to allow
an assessment of the potential risk for this mechanism, the length of time in Stages Il and

111 will be quite critical for all the time temperature histories examined.

The results discussed above highlight the significant impact of the peak
temperature, the time at peak temperature, and the time it will take to get from peak

temperature back to ground temperature. While there is limited data relating to peak
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temperature (as discussed earlier in this Chapter) there is a paucity of data regarding the
time at peak temperature, and the time it will take to get from peak temperature back to
ground temperature. This emphasizes the need for more and longer-term monitoring data
related to landfill liner temperature. It also emphasizes the need for information relating

to the likely time in Stages Il and 111 as discussed in the following subsections.
6.5.2. Prediction of Time to Complete Stage I1- Induction Time

The duration of Stage Il can be predicted at a temperature of interest using the
Arrhenius time-temperature relationship as follows:

1 -E

ria Aepr—; (6.9)
where £ is the duration of Stage Il (years) and other parameters (e.g., 4, E,, R, and T)
have already been defined. The parameters of the Arrhenius equation for Stage Il (i.e., E,
and A4) are normally evaluated from the plot of /n(1/&) vs. (1/T) for experimental data
obtained at different temperatures. Equation (6.9) can be used directly in predicting the
duration of Stage Il when landfill temperature is constant. However, for the situation
considered here where landfill temperature varied with time, the following procedure was
used. Since Stage Il does not begin until Stage | is completed, the starting time, ¢, and
temperature, 7}, for the calculation of Stage Il will vary depending on the geomembrane
and case and can be deduced from Table 6.3. The period of varying temperature for Stage
Il was divided into small time increments A ¢ with each time (¢, = ¢, + iA¢) having a

corresponding temperature T; as defined by the temperature history (Table 6.2 and Figure
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6.8). For the first time in Stage Il (1, = #; + A¢), the duration of Stage Il (&) was
calculated from Equation (6.9) at temperature 7,. The portion of Stage Il consumed
during the time increment A ¢ was then calculated as A #/£;. The calculation procedure
was repeated for the next increment of time Az For example, the duration of Stage Il
(&) at temperature of T, was calculated from Equation (6.9) and the corresponding
proportion of the Stage Il property consumed in the second time increment was calculated
as At/&,. The total Stage 1l property consumed by the end of the second time increment
was (At/E; + At/&;). The procedure was repeated until 100% of the Stage 11 property was
consumed and the time to complete Stage Il is taken by adding all the increments of time
until Stage Il is completed. The calculation procedure is the same for increasing, steady,

or decreasing temperature.

To accurately establish Stage Il for a given geomembrane and exposure
condition it is necessary to first deplete the antioxidants (i.e., complete Stage | since this
defines the beginning of Stage Il) and, second, to see the initiation of a change in the
physical properties of the geomembrane (since this signals the end of Stage I1) at three (or
more) temperatures. Given the quality of all the geomembranes tested, this takes a long
time at all but the highest temperature examined. Thus Stage Il has not been completed at
three temperatures for any of the geomembranes exposed to simulated MSW leachate that
have been studied to-date (Table 6.1) despite the fact that some of the tests have been
running for over a decade. Only for one geomembrane (GM3) has Stage Il been
completed at two temperatures (85 and 70°C) and for this case the parameters 4 and E,, in
Equation (6.9) were obtained from a two point approximation. For geomembranes GM2,

4a, 5 and 6, Stage Il has been completed only at 85°C. For these geomembranes the
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duration of Stage Il was calculated using the laboratory data at 85°C and activation
energy of 75 kl.mol™ as reported by Viebke et al. (1994) for air-water exposed

polyethylene pipe together with the following equations:

S E
85 _exp Ta[TL%} (6.10)
5r 85
S85
é:S—X 585 (611)
T

where T = temperature of interest (K), Tss = 85°C = 358K, s7and sgs are the reaction rates
of Stage Il at temperatures T and Tgs, respectively, £ = Stage Il time (years) at
temperature T, and &s = Stage 1l time (years) at 85°C. Equations (6.10) and (6.11) are
directly applicable for predicting the durations of Stage Il at a constant temperature. For a
situation when the temperature increases or decreases, the method described above was
used. For example, after the first increment of time (4 ¢), the duration of Stage Il (&) at
temperature T (corresponding to time #; = ¢#; + A ¢) was calculated from Equations (6.10)
and (6.11) at temperature 7; and the proportion of the Stage 11 property consumed during

that time increment would be calculated as 4#/<,.

Table 6.4 presents the time to complete Stage 1l for the six geomembranes for
three of the time-temperature histories presented in Table 6.2. In all three cases the liner
temperature was assumed to reduce back to the original ground temperature 40 years after
the start of landfilling. The first two cases (Cases 1 and 4) were selected to illustrate the

effect of some temperature history variability for the case where the peak temperature is
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35-37°C and the third case (Cases 14) was selected to illustrate the potential implications
of a much higher peak temperature (60°C). The predictions of Stage Il time were based
on the available data for both the tensile break strain and stress crack resistance of the
geomembranes (and in some cases there was a significant difference). For geomembranes
GM1a, GM1b, and GM4b, Stage Il was not monitored in the laboratory experiments and
for the geomembrane GM3, stress crack resistance was not monitored in the laboratory
experiments. Since there was no Stage Il data for GML1 it was not considered in Table 6.4.
Although there was no Stage Il data for GM4 in a simulated liner, data was available for
immersion of that geomembrane in leachate and hence to obtain an estimate of Stage II
for the geomembrane GM4b, the Stage Il experimental data for GM4a was used for
predicting Stage Il times for this geomembrane. Even though the same Stage Il
parameters were used for GM4a and GM4b, the predictions of Stage Il are different due
to the different length of Stage | and hence the different time histories in Stage Il for the
two scenarios. Very limited experimental data was available to calculate Stage Il times
and consequently one should be cautious in using the times presented in Table 6.4.
Nevertheless, the results do provide significant insight regarding the effect of different

time histories on the geomembrane service life.

For the temperature-time histories 1 and 4 (Table 6.2) and GM4b, Stage | of the
geomembrane service life (730 and 750 years; Table 6.3) was completed long after return
to original ground temperature giving long times (270 years) for Stage Il at this low
temperature (10°C). For the other geomembranes (GM2, 3, 4a, 5 and 6), by the end of
Stage | there was either only a very limited time remaining at the peak temperature (e.g.,

7 and 1 years for GM2 and Cases 1 and 4, respectively or 3 years for GM4a and Case 1)
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or the landfill temperature was decreasing from the peak temperature. Thus, with the
notable exception of GM3, the predicted time in Stage Il is still in excess of 180 years.
Based on the presently available data, it appears that the Stage Il period for GM3 is
substantially shorter than that for the other geomembranes, with predicted times of 11 and
15 years based on the tensile strength properties. It should be noted that for GM3,
completion of Stage 1l has actually been observed in the laboratory at both 85 and 70°C
and hence these predictions are considered to be the most reliable of all the predictions
(with the remainder being based on completion of Stage Il at 85°C and an assumed
activation energy of 75 kJ.mol™ used by Viebke et al. (1994) for air-water exposed
polyethylene pipe). However, the fact that Stage Il has been completed at 70°C for this
geomembrane but not for the other geomembranes is also an indicator that this
geomembrane may not have as good long-term performance as the other geomembranes.
This highlights the fact that not all geomembranes are the same and hence the need for

testing to evaluate the long-term performance of geomembranes.

For temperature-time history 14 (Table 6.2), Stage | was completed when
landfill temperature just reached peak temperature for GM 2, 3, 4a, and 5 and only
shortly after reaching the peak for GM 4b and 6 (Table 6.3) allowing considerable time at
60°C to reduce the Stage Il component of the service life. Thus one would expect much
shorter Stage Il (and Stage IlI, discussed in the later section) times for all the
geomembranes in Case 14 than for Cases 1 and 4. For Case 14, the Stage Il times varied

between 2 and 10 years and were only 2-3 years for most geomembranes (Table 6.4).
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6.5.3. Prediction of Time to Complete Stage I111- Degradation to Failure

The calculation procedure for the prediction of Stage 111 time is the same as that
of the Stage Il time described previously. For none of the geomembranes examined has
Stage Il been completed in the laboratory experiments at more than one elevated
temperature. Thus it was not possible to evaluate Stage 111 Arrhenius parameters for the
geomembranes. Some geomembranes had completed Stage 111 at 85°C (e.g. GM2 and 3)
while others were still in Stage 111 (GM4a and 5) at 85°C [see Appendix A; Rowe et al.
2008b (Chapter 2); Rimal 2008). Thus the duration of Stage Ill was calculated using the
laboratory data at 85°C and the activation energy of 80 kJ.mol™ used by Viebke et al.

(1994) for air-water exposed polyethylene pipe together with Equation (6.10) and hence:

N
_ 8
b= (6.12)
T

where T = extrapolation temperature (K), Tss = 85°C = 358K, s7 and sgs are the reaction
rates of Stage Il at temperatures T and Tgs respectively, 4 = Stage Ill time at
temperature T (years). For GM2, 3, and 6, Ag; = Stage Ill completion time at 85°C
(years) observed in the laboratory tests. For the geomembranes that have not yet
completed Stage 111 (GM4a and 5), Ags = time in Stage 11 at 85°C in the laboratory tests
at the time of writing (and hence provides an underestimate of the Stage 111 completion

time).

Equations (6.10) and (6.12) are directly applicable for predicting the durations

of Stage Il at a constant temperature (e.g., Cases 1 and 4 where the temperature has
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reduced to the original ground temperature by the time Stages | and Il were completed
except for GM3, Case 1). When the temperature varied during Stage 11l (Case 14), the
method used to predict the duration of Stage Il as described previously was used. For
example, after the first increment of time (A¢), the duration of Stage Il (4;) at
temperature 7 (corresponding totime #; = ¢;; + At) was calculated from Equations (6.10)
and (6.12) at temperature 7; and the proportion of the Stage Il property consumed was

calculated as At/A ;.

Table 6.5 shows the predicted time to complete Stage Il for the same three
cases for which Stage Il times were calculated. The duration of Stage Il for Case 14 (10-
360 years) was substantially lower than for Cases 1 and 4 (1600- 3600 years). This is
because the geomembranes experienced higher temperatures in their Stage Il service
lives in Case 14 (20-60°C) compared to Cases 1 and 4 where Stage |11 starts at original
ground temperature (10°C) for most of these cases (the exception being for GM3 and

Case 1 where there are 2 years of declining temperature in Stage I11).

6.5.4. Service Life of HDPE Geomembranes

The service life of the HDPE geomembranes (Table 6.6) is calculated by
adding the durations of Stages I, Il and Ill presented in Tables 6.3, 6.4, and 6.5. The
service life varied between 20 and 4700 years, with the lower end of the range
corresponding to a case where landfill temperature increases from 20°C to 60°C in 8
years and stays at 60°C for 22 years and then decrease back to 20°C in 10 years. While
approximations are associated with all these predictions, as previously discussed, and not

too much significance should be attributed to the specific values, the substantial
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difference in predicted time is significant and highlights the fact that the landfill time-
temperature history is likely to be quite significant with respect to the service lives of
HDPE geomembranes (and likely pipes). For situations like Cases 1 and 4, the
geomembrane service life is likely to far exceed the contaminating lifespan (Rowe et al.
2004) of typical MSW landfills. In contrast, for situations like Case 14, the service life of
the primary liner could well be reached within the contaminating lifespan and secondary
containment may be necessary. This highlights the need to consider the possible effects

of time-temperature history when designing MSW landfills.

6.6. CONCLUSIONS

The observed temperatures in different landfills were reviewed based on the
data reported in the literature and augmented by new data from the Keele Valley landfill
in Maple, Ontario. The observed temperatures in the waste were reported in the range
from 14 to 87°C and at the liner from 7 to 60°C. The temperature rose quickly in some
landfills shortly after the start of the landfilling while in others it took substantially longer
for the temperature to increase. However in all cases examined, temperatures in the
range of 30-40°C were encountered at the top of the landfill liner with typical landfilling
operations. Substantially higher liner temperatures (50-60°C) were observed in the case
where there had been moisture augmentation. Monitoring has identified the peak
temperature at a number of landfills; however, there is a paucity of data regarding how
long the peak temperature will be maintained or how long it will take until the liner
temperature returns to original ground temperature. Thus more and prolonged

monitoring is required to provide this insight.
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Based on the available field data for four landfills (located in Canada,
Germany, Japan, and the USA), a number of idealized scenarios representing possible
time-temperature histories were developed. A technique for estimating the service life of
geomembranes based on the landfill liner time-temperature history was described and
used to predict the service life of HDPE geomembrane using the three-stage degradation
model. Of these three stages, the prediction of Stage | was the most reliable because of
the availability of sufficient laboratory data. The Stage | times of the geomembranes were
predicted to be between 7 and 750 years for the 22 idealized cases examined. The large
variation in Stage | time is due to the variations in landfill temperatures, geomembrane
type, geomembrane exposure conditions, and the magnitude and duration of the peak
liner temperature. The higher end of the range corresponds to data from geomembranes
aged in simulated landfill liner tests and a maximum liner temperature of 37°C. The lower
end of the range corresponds to a testing condition where geomembranes were immersed

in a synthetic leachate and a maximum liner temperature of 60°C.

The durations of Stages Il and Ill of geomembrane service life were predicted
to be between about 2-1060 years and 10-3600 years, respectively depending on the
geomembrane and the time-temperature history examined. The range illustrates the
important role that time-temperature history could play in terms of geomembrane service
life. The service life components of Stages Il and 11l were based on limited data and
considerable care should be adopted in using these values; however, the range of values

for the different time-temperature histories is considered to be significant.
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The total service life of the geomembranes were calculated by adding the
durations of the three stages for respective geomembranes and found to be between 20
and 4700 years depending on the time-temperature history examined. This demonstrates
the need to consider the possible effects of time-temperature history when designing
MSW landfills. The findings of the study highlight the need for long-term monitoring of
landfill liner temperature and the need for geomembrane ageing studies that will provide
improved data for assessing the likely long-term performance of geomembranes in MSW

landfills.
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Table 6.1. Initial properties of the geomembranes along with the ageing conditions for which geomembrane service life was
predicted (A: immersion in leachate; B: simulated composite liner with no stress, top face of the geomembrane exposed to
leachate and the bottom face exposed to hydrated GCL; C: simulated composite liner by applying 250 kPa stress, top face of
the geomembrane exposed to leachate and the bottom face exposed to hydrated GCL).

Significant initial properties

Geomembrane Thickness Agein
geng Std-OIT HP-OIT Ml  Tensile break Stress crack Reference

type (mm)_ - condition (min) (min)  (g/10min) strain (%) resistance (hrs)

GMla 1.5 A 135 660 0.55° 930 >400 Rowe and Rimal (2008a)
GM1b 15 B 135 660 0.55°% 930 >400 Rowe and Rimal (2008a)

GM2 2.0 A 133 380 0.42° 1023 5220 Rimal (2008)

GM3 1.5 A 174 903 0.43° 945 1000 Rowe et al. (2008a) [Chapter 2]
GM4a 1.5 A 135 244 14.3 828 1432 Rowe et al. (2008b) [Chapter 3]
GM4b 1.5 C 135 244 14.3° 828 1432 Rowe et al. (2008c) [Chapter 4]
GM5 2.0 A 150 265 11.1° 787 1252 Rowe et al. (2008b) [Chapter 3]
GM6 2.5 A 136 235 14.5° 701 624 Rowe et al. (2008b) [Chapter 3]

4Using 2.16kg load in accordance with ASTM D1238
®Using 21.6kg load in accordance with ASTM D1238

224



Table 6.2. Liner temperature histories examined.

Case ti(years) t(years) ts (years) ts (years) T, (°C) T, (°C) Remarks
1 3 16 26 40 10 35 Idealized based on Lysimeter 7, Figure 6.4
2 3 16 26 50 10 35 Idealized based on Lysimeter 7, Figure 6.4
3 3 16 50 64 10 35 Idealized based on Lysimeter 7, Figure 6.4
4 8 14 20 40 10 37 Idealized based on Figure 6.5
5 8 14 40 60 10 37 Idealized based on Figure 6.5
6 6 7 20 40 20 33 Idealized based on Dry cell, Figure 6.2
7 6 16 25 45 20 33 Idealized based on Dry cell, Figure 6.2
8 5 14 20 50 12 37 Idealized based on Lysimeter 3, Figure 6.4
9 5 14 40 70 12 37 Idealized based on Lysimeter 3, Figure 6.4
10 0 6 14 24 20 50 Idealized based on Wet cell, Figure 6.2
11 0 6 20 30 20 50 Idealized based on Wet cell, Figure 6.2
12 0 6 30 40 20 50 Idealized based on Wet cell, Figure 6.2
13 0 8 20 30 20 60 Idealized based on Wet cell, Figure 6.2
14 0 8 30 40 20 60 Idealized based on Wet cell, Figure 6.2
15 0 8 40 50 20 60 Idealized based on Wet cell, Figure 6.2
16 0 10 30 40 20 70 Idealized based on Wet cell, Figure 6.2
17 0 2 10 20 20 43 ldealized based on Figure 6.3
18 0 2 30 40 20 43 Ildealized based on Figure 6.3
19 0 8 14 30 15 45 ldealized based temperature at the liner, Figure 6.1
20 0 8 14 40 15 45  ldealized based temperature at the liner, Figure 6.1
21 0 8 18 30 15 50 Idealized based temperature at 2.5m above the liner, Figure 6.1
22 0 8 18 40 15 50 Idealized based temperature at 2.5m above the liner, Figure 6.1
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Table 6.3. Time to complete Stage | or OIT depletion (numbers rounded to 2 significant digits).

Antioxidant depletion time (years)

Ca¢ —GMIa GMIb GM2 GM3 GM4a GMdb  GM5  GMS
1 21 190 19 27 23 730 27 32
2 21 170 19 27 23 680 27 31
3 21 50 19 27 23 380 27 30
4 20 210 19 28 23 750 28 37
5 20 16 19 25 22 390 25 28
6 17 95 16 25 20 250 25 30
7 20 110 18 28 23 270 27 31
8 19 140 18 25 21 530 25 29
9 19 a4 18 24 21 250 24 27
10 7 17 8 9 8 61 9 10
11 7 16 8 9 8 19 9 10
12 7 16 8 9 8 19 9 10
13 7 12 8 8 8 12 8 9
14 7 12 8 8 8 12 8 9
15 7 12 8 8 8 12 8 9
16 7 11 8 8 8 10 8 9
17 7 70 8 10 8 200 10 13
18 7 22 8 10 8 30 10 12
19 10 66 10 13 11 270 13 14
20 10 33 10 13 11 200 13 14
21 18 9 11 10 21 11 12
22 9 18 9 11 10 21 11 12
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Table 6.4. Estimated time to complete Stage Il based on tensile break strain and
stress crack resistance for some selected cases (rounded to two significant digits).
Note: time to complete Stage 11 depends on the temperature history remaining after
completion of Stage I. The numbers given are to illustrate the potential effect of
temperature history only. The estimates of Stage Il will change as more data
becomes available.

Time to complete Stage Il (years)

Geomembrane Case 1 Case 4 Case 14
type Tensile Stress  Tensile Stress Tensile  Stress
break crack break crack break crack
strain resistance  strain resistance  strain  resistance
GM2* 1030 290 1060 310 10 4
GM3P 11 15 3
GM4a® 180 180 210 210 2 2
GM4b° 270 270 270 270 2 2
GM5? 280 280 300 300 3 3
GM6® 250 250 260 260 2 2

Based on Stage Il completion time at 85°C in laboratory immersion experiments together
with the activation energy of 75 kJ.mol™ used by Viebke et al. (1994) for air-water
exposed polyethylene pipe.

®No data available for stress crack resistance for this GM. The reported Stage 11 times are
based on Arrhenius properties obtained from Stage Il completion times at 85 and 70°C in
laboratory experiments.

°No experimental data was available to predict Stage Il time. The reported times are
based on the geomembrane and testing condition for the geomembrane GM4a. Note that
even though the same Stage Il properties were used as for GM4a, the Stage Il times are
different because of the longer Stage | service live for GM4b than GM4a and hence the
different time histories for Cases 1 and 4.
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Table 6.5. Time to complete Stage I11 based on tensile break strain and stress crack
resistance for some selected cases (rounded to two significant digits). Note: the
numbers given are to illustrate the potential effect of temperature history only. The
estimates of Stage 111 will change as more data becomes available.

Time to complete Stage 111 (years)

Geomembrane Case 1 Case 4 Case 14
type Tensile Stress Tensile  Stress  Tensile  Stress
break crack break crack break crack
strain resistance  strain  resistance  strain  resistance
GM2° 3600 2200 3600 2200 360 13
GM3? 2300 2300 14
GM4a® 2200 2200 2200 2200 14 14
GM4bP 2200 2200 2200 2200 14 14
GM5P 2000 2000 2000 2000 12 12
GM6* 1600 2000 1600 2000 10 12

®Based on Stage Ill completion time at 85°C in laboratory immersion experiments
together with the activation energy of 80 kJ.mol™ used by Viebke et al. (1994) for air-
water exposed polyethylene pipe.

®Stage 111 has not been completed at any elevated temperature. The reported values are
based on the time in Stage Il at 85°C in the laboratory immersion experiments together
with the activation energy of 80 kJ.mol™ used by Viebke et al. (1994) for air-water
exposed polyethylene pipe. Based on the approximation, the reported Stage Il times are
lower bound values.

“Stage 111 time for tensile break strain was based on the Stage 111 completion time at 85°C
in laboratory immersion experiments together with the activation energy of 80 kJ.mol™
used by Viebke et al. (1994) for air-water exposed polyethylene pipe. Stage 11l has not
been complete at any elevated temperatures for stress crack resistance. The reported
values for stress crack resistance are based on the time in Stage II1 at 85°C in laboratory
immersion experiments together with the activation energy of 80 kJ.mol™ used by Viebke
et al. (1994) for air-water exposed polyethylene pipe and hence are considered to be a
lower bound. The lower Stage Ill time in the tensile test is probably because of the
delamination of the aged specimens.
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Table 6.6. Service life based on tensile break strain and stress crack resistance for
some selected cases (times greater than 100 years have been rounded to two
significant digits; times less than 100 years have been rounded to nearest 5 years).
Note: The three stages were added before rounding to get results in this table and
hence the numbers below may not be exactly the same as the sum of the rounded
numbers in Tables 6.3, 6.4 and 6.5 because of rounding.

Service life (years)

Geomembrane Case 1 Case 4 Case 14
type Tensile  Stress  Tensile Stress Tensile Stress
break crack break crack break crack
strain  resistance  strain  resistance  strain resistance
GM2 4700 2500 4700 2500 380 25
GM3 2300 2300 25
GMd4a 2400 2400 2500 2500 25 25
GM4b 3200 3200 3300 3300 30 30
GM5 2400 2400 2400 2400 25 25
GM6 1900 2300 1900 2300 20 25
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Figure 6.1. Variation in temperature with time at three elevations in the Tokyo
Port Landfill, Japan [data replotted from Yoshida and Rowe (2003)].
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Figure 6.2. Variation in average temperature with time for the dry and wet cells of
the Philadelphia, USA landfill [data replotted from Koerner et al.
(2008)].
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Ingolstadt, Germany [data based on Klein et al. (2001)].
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Figure 6.4. Variation in temperature and leachate head at four locations in the

Keele Valley Landfill to Dec 2006 [Data courtesy of City of Toronto;

Modified from Rowe (2005) with additional data added].

233



60

| A Lysimeter # 10A ® Lysimeter # 11A i
O Lysimeter # 14B < Lysimeter # 15A
50 F | +Lysimeter# 15B = Lysimeter # 15C .
| X Lysimeter # 16A O Lysimeter # 89-B-2 i
A Lysimeter # 90-A-1 m Lysimeter # 91-A-1
40 F | xLysimeter#92-A-1 e Lysimeter # 93-A-1 ,9' °© o .
O s B
_ L W A A A A ) 4
© o ¥ 2
2 30 F AL x X e R
E / X X . O o ,"
o =3 A x ’ . !,f -
E 4 9 . A
() A{' X * ./’
— 20 p===--- )K- ---------------- * X ] .',1 -
X @ & 4 4
SRR
e m] PR 9
$ m n i X - g = .-
L O 7 o
10 g E ® > <o <o & <& L
--1:-_-----------' ------- !
0 A [ A [ A [ A [ A [ A [ A [ A [ A
0 2 4 6 8 10 12 14 16 18

Time Since First Installation (years)
Figure 6.5. Variation in temperature with time at different monitoring locations

where the leachate head is less than 0.3m [Data courtesy of City of
Toronto; Modified from Rowe (2005) with additional data added].

234



108 JLIN I N BN L AL HL N B B LA LI BRI L
£ 10° | E
= - ]
= [ 9 ]
= . i
: ¢
g W0Pg f E
o = 3
S %% §f%§§§§§§§§§§§ 9 :
% | .
©
S 10tk =
T 3 E
10-12 o e ey 1
9V < O (o] o (9] < O e o AN < (o] (ee]
o0 e e (o] (o] ()] ()] ()] (o)) o o o o o
(@)} (@) (@) (@] (@] (@] (@) (@) (@) o o o o o
— — — — — — — — — [9\} (9\] AN N N
Year

Figure 6.6. Variation in annual average hydraulic conductivity with time for
compacted clay liner at Lysimeter 3 of the Keele Valley Landfill [Data
courtesy of City of Toronto; Modified from Rowe (2005) with
additional data added].
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average temperature for compacted clay liner at Lysimeter 3, Keele
Valley Landfill [Data courtesy of City of Toronto; Modified from
Rowe (2005) with additional data added].
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CHAPTER 7

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The long-term performance of high density polyethylene (HDPE)
geomembranes used as part of the modern engineered barrier systems has been described
in this study. High density polyethylene (HDPE) geomembranes are extensively used as
barrier materials for landfills, surface impoundments, heap leach pads, and other waste
containment facilities, because of their excellent resistance to the advective flow of
almost all contaminants and diffusive flow of inorganic contaminants (August and Tatzky
1984; Haxo 1990; Rowe et al. 2004; Barroso et al. 2006; Rowe et al. 2007; Bouazza et al.
2008; Saidi et al. 2008). However, geomembranes are expected to experience ageing or
degradation during their service life due to adverse chemical exposure, high physical
stresses from waste load, and elevated operating temperatures (Hsuan and Koerner 1998).
Various degradation mechanisms can take place in the geomembrane, for example,
oxidation, extraction, biological degradation, ultraviolet degradation, and thermal
degradation (Hsuan and Koerner 1995). Among these degradation processes, the
oxidative degradation is considered to be the most harmful for HDPE geomembranes
used as landfill bottom liners (Hsuan and Koerner 1995). The oxidative degradation in
HDPE geomembranes proceeds in three distinct stages: Stage | - depletion of
antioxidants, Stage Il - induction time to the onset of polymer degradation, and Stage Il -
degradation to failure (Viebke et al. 1994; Hsuan and Koerner 1998). The service life of

the geomembrane is considered equal to the duration of these three stages together.
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Both conventional immersion tests and simulated landfill liner tests were
conducted to evaluate the service life of HDPE geomembranes. Diffusion and
partitioning tests were conducted to evaluate the effectiveness of the aged HDPE
geomembrane as a diffusive barrier to volatile organic compounds (VOCs). This chapter
summarizes the key findings of the study. Recommendations for possible future work are

also provided.

7.1. SUMMARY AND CONCLUSIONS

7.1.1.  Leachate Chemical Composition Effects on the Depletion of Antioxidants

Two series of accelerated ageing tests were conducted to examine the effects of
different chemical constituents found in municipal solid waste leachate on the
degradation of HDPE geomembranes. In the first series, samples from a 1.5mm HDPE
geomembrane were cut and immersed in four synthetic leachates at five different
temperatures (22, 40, 55, 70, and 85°C). The results showed that to maximize the
depletion of antioxidants from the geomembrane, the leachate should be replaced every
two weeks. The difference in activation energy for antioxidant depletion obtained from
Arrhenius modeling was small (62.5 and 64.0 kJ/mol), suggesting that all four leachates
were almost the same in terms of antioxidant depletion. There was no evident effect of
the difference in these leachates on crystallinity, melt index (MI), or tensile properties.
However, the lowest antioxidant depletion time was observed for the simplest leachate

which consisted of trace metals and surfactant.
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The second series of tests involved 18 different immersion mediums with
different concentrations of trace metals and surfactant at 85°C. The results showed that
the depletion of antioxidant was most sensitive to the presence of surfactant. As the
surfactant (Igepal® CA720) concentration increased to about 1 mL/L the depletion rate
approached a maximum value. There was no further increase in depletion rate for any
increase in concentration beyond 5 mL/L. These results suggest that the leachate
consisting of trace metals, surfactant, and a reducing agent is the most appropriate for
evaluating the potential degradation of HDPE geomembranes, particularly considering

the variability of the actual field leachate composition.

7.1.2. Effects of Thickness on the Ageing of HDPE Geomembranes

Similar to previous studies, accelerated ageing tests were conducted to evaluate
the effects of thickness on the depletion of antioxidants from HDPE geomembranes.
Three commercially available HDPE geomembranes having nominal thicknesses of 1.5,
2.0, and 2.5mm were examined. The geomembranes were immersed in the most
appropriate leachate observed in the studies described in Chapter 2 (consisting of trace
metals, surfactant, and reducing agent). The incubation temperatures were 22, 55, 70, and
85°C. Samples were retrieved at different time intervals and tested for oxidative induction
time (OIT), crystallinity, melt index (M), tensile properties, and stress crack resistance. It
was found that the antioxidant depletion time, calculated using Arrhenius modeling, was
the longest for the thicker geomembrane. The results of crystallinity, MI, and stress crack
resistance suggest that a thinner geomembrane is more vulnerable to degradation than a

thicker geomembrane and thereby may have a shorter service life (other things being
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equal). It is worthwhile to note that the selection of the geomembrane should also
consider the types of antioxidants and resins used to formulate the geomembrane because

these factors may also have a significant effect on the service life of the geomembrane.

7.1.3. Depletion of Antioxidants under Simulated Landfill Liner Conditions

The depletion of antioxidants from an HDPE geomembrane under simulated
landfill conditions was investigated. Accelerated ageing tests were conducted at 55, 70,
and 85°C by applying 250 kPa vertical pressure using a specially designed laboratory
apparatus called a geosynthetic liner longevity simulator (GLLS). The simulated landfill
liner consisted of (from the top down) a coarse gravel layer, a geotextile protection layer,
a 1.5mm thick HDPE geomembrane, and a GCL overlain on a 150 mm thick sand
foundation layer. The estimated antioxidant depletion time based on Arrhenius modeling
was significantly longer (e.g., 310 years at 20°C) for the simulated landfill liner tests
compared to the more traditional leachate immersion tests (e.g., 45 years at 20°C) for the
same geomembrane. The results of other geomembrane properties (crystallinity, Ml, and
tensile properties) suggest that the geomembrane had not reached the end of Stage Il of
the geomembrane service life over the testing period. This study presented the closest
simulation of geomembrane exposure conditions in the field yet published; therefore, the
estimated antioxidant depletion times are expected to provide the most reasonable

estimation of depletion time of antioxidants in the field.
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7.1.4. Effects of Ageing of HDPE Geomembranes on the Permeation of VOCs

The effects of ageing of HDPE geomembranes on the diffusive migration of a
group of volatile organic compounds (VOCs) including benzene, toluene, ethylbenzene,
and xylenes (BTEX) were examined. Partitioning and diffusion tests were conducted
using both unaged and aged 1.5mm HDPE geomembranes described in Chapters 2 and 3.
A finite layer contaminant analysis program POLLUTE®v7 (Rowe and Booker 2004)
was used to infer the diffusion (Dgy) and partitioning (Sqr) coefficients from the best-fit
theoretical curves. The results showed that the diffusion and partitioning coefficients
decreased with increased ageing. The calculated permeation coefficients decreased by 36-
62% after ageing the geomembrane for about 10-32 months at 85°C. This decrease in
permeation coefficients was controlled by the increase in geomembrane crystallinity
during ageing. A correlation between partitioning, diffusion, and permeation coefficients
with the geomembrane crystallinity was established and could potentially be used to
evaluate the migration of VOCs through HDPE geomembranes. The results of this study
suggest that the ageing of the HDPE geomembrane does not increase diffusive migration

of organic contaminants provided that the geomembrane remains intact.

7.1.5. Impact on Landfill Liner Time-Temperature History on the Service Life of

HDPE Geomembranes

The observed temperatures in different landfills were reviewed based on the
data reported in the literature and enhanced by new data from the Keele Valley landfill in
Maple, Ontario. A number of idealized scenarios representing possible time-temperature

histories were developed. A method considering the time-temperature history of the
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landfill liner when estimating the service life of different HDPE geomembranes was
proposed. The observed temperatures in the waste and at the liner were reported to be 14-
87°C and 7-60°C, respectively. The temperature rose quickly in some landfills shortly
after placing the waste because of the initial aerobic decomposition of the waste. In other
landfills it took a significantly longer time for the temperature to increase. A temperature

of 30-40°C was generally observed at the top of most landfill liners examined.

Using the three-stage degradation model, the service lives of different HDPE
geomembranes were predicted considering the temperature histories of different landfills.
Stage | of the geomembrane service life was predicted for 22 different idealized cases and
found to be between 7 and 750 years. The durations of Stages Il and 11l were predicted
for three selected cases among the 22 idealized cases examined. The times for Stage Il
and Stage I11 were predicted to be between 2-1060 years and 10-3600 years respectively,
depending on the geomembrane and the time-temperature history. The total service life of
the geomembranes was calculated by adding the durations of the three stages for the
respective geomembranes and found to be between 20 and 4700 years. The large
variation in the range of service life was due to the variations in exposure conditions,
geomembrane type, peak temperatures at the liner, and the magnitude and duration of the
peak liner temperature. These results highlight the need to consider the potential effects
of time-temperature history in calculating the service life of HDPE geomembranes. It is
important to note that there was sufficient experimental data to estimate Stage | of the
geomembrane service life; however, there was very limited data available to calculate the
Stages Il and I11 of the service life. Thus, considerable care should be exercised in using

the service life components of Stages Il and I11.
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7.2. RECOMMENDATIONS FOR FUTURE WORK

The results reported in this thesis examine the long-term durability of HDPE
geomembranes used as part of modern engineered barrier systems and other containment
applications. The study addresses a number of issues regarding the long-term durability
of the HDPE geomembranes; however, the following issues need to be addressed in

future work.

e Some assumptions were made to establish the Stage Il and Stage Il
Arrhenius parameters in calculating the service life of HDPE
geomembranes described in Chapter 6 using the data presented in
Chapters 2 and 3. It is recommended that the ageing tests that were
initiated and described in Chapters 2 and 3 be continued to allow the
establishment of the appropriate Arrhenius parameters for the Stages II
and 111 of the geomembrane service life.

e The geomembranes used to investigate the effects of thickness on the
ageing of HDPE geomembranes on ageing described in Chapter 3 was not
formulated from the same resin lot. Therefore, the exact effect of
geomembrane thickness may have not been revealed by these tests. To
better evaluate the effects of geomembrane thickness, ageing tests should
be conducted using geomembranes of different thicknesses that were
manufactured from the same resin lot with the same antioxidant package.

e Antioxidant depletion had not been completed at 55 and 70°C for the

GLLS (simulated landfill liner) tests within the reporting period described
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in Chapter 4. Tests should be conducted for longer periods of time to
predict OIT depletion time more accurately. Some tests should also be
conducted at higher pressure than that was used in this study to simulate
the pressure that may produce by a landfill where waste height is relatively
high. Furthermore, more tests should be conducted to monitor Stage Il and
Stage 111 under simulated landfill conditions using the apparatus GLLS to
predict the geomembrane service life in field conditions.

e No stress was applied in the geomembranes during diffusion and
partitioning tests described in Chapter 4. However, the geomembranes will
likely experience stress in their service life. Therefore, to simulate the field
condition, some diffusion and partitioning tests should be conducted using

both unaged and aged geomembranes under tensile stress conditions.
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APPENDIX A

EFFECTS OF LEACHATE CHEMICAL COMPOSITION ON THE

DEPLETION OF ANTIOXIDANTS

This appendix provides supplementary information to Chapter 2. Chapter 2
describes the results of the effects of leachate chemical composition on the depletion of
antioxidant based on two series of tests. Series 1 tests in Chapter 2 present data for up to
32 months of the ageing period; however, this appendix provides results of the same

ageing experiments for up to 55 months.

Al RESULTS

A.1.1l.  Antioxidant Depletion

Figure A.1 shows the variation in logarithm of OIT (In(OIT)) with time in four
different leachates at 55, 40, and 22°C. A complete depletion of OIT was observed after
39 months of ageing at 55°C indicating that Stage | of the three stage-degradation model
described by Hsuan and Koerner (1998) has been completed for these samples at 55°C.
However, the depletion of OIT has not been completed at 40 and 22°C within the
reporting period of 55 months. It should be noted that the trend of antioxidant depletion

in the four leachates was found to be the same as described in Chapter 2.

Figure A.2 shows the Arrhenius plot of antioxidant depletion in the four
leachates considering 55 months of ageing data. The Arrhenius equations and activation

energies, based on 55 months of ageing data, are shown in Table A.1. It can be seen that
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the differences in activation energies are small implying that all leachates are almost the
same in terms of antioxidant depletion. Using the Arrhenius parameters (Table A.1), the
antioxidant depletion times were calculated at three representative landfill temperatures
(20, 40, and 60°C) and are shown in Table A.2. The antioxidant depletion time follows
the trend (highest to lowest): Leachate-1 (full leachate) > Leachate-4 (trace metals,
surfactant, and fatty acids) > Leachate-3 (trace metals, surfactant, and inorganics) >
Leachate-2 (trace metals and surfactant only). The trend is similar to what was observed

in Chapter 2.

A.1.2. Crystallinity

Figure A.3 shows the variation in crystallinity with time in four different
leachates at five different temperatures. At 85°C, the crystallinity of the geomembranes
remained at a relatively constant value (52%) between the ageing period of 32 and 45
months after which time the crystallinity was found to be decreasing (Figure A.3a). The
decrease in crystallinity at the later stage is attributed to the cross-linking of the
geomembranes due to chemical ageing as confirmed by the MI results described in the
following section. A similar decrease in crystallinity at the later stage of ageing due to the
cross-linking in the geomembrane was observed by Rowe et al. (2008) for a 2.0mm
HDPE geomembrane incubated in air, water, and leachates for about 10 years. No
decrease in crystallinity at the later stage was observed at other temperatures. The
crystallinity of the geomembranes remained relatively constant with values of 50% and

43%, respectively at 70 and 55°C between the ageing period of 32 and 55 months. The

249



crystallinity appears to increase at a very slow rate between the ageing period of 32 and

55 months at 40°C. No significant change in crystallinity was observed at 22°C.
A.13. Melt Index

Figure A.4 shows the variations in melt indices with ageing time at different
temperatures. The melt index values started decreasing at the early stage of ageing at 85
and 70°C; then they started to increase and increased to about 0.39 g/10min by the end of
32 months. The MI values further decreased to about 0.26 g/10min between the ageing
period of 32 and 55 months at 85°C. The decrease in MI at the later stage is attributed to
cross-linking in the geomembranes due to oxidation reactions as has been observed by
other researchers (Hsuan and Guan 1998; Muller and Jakob 2002; Rowe et al. 2008).
However, at 70°C, the MI values remained at the relatively constant value of 0.39
g/10min between the ageing period of 32 and 55 months. The MI values decreased to
about 0.35 g/10min and 0.39 g/10min at 55 and 40°C, respectively by the end of 32
months and remained relatively constant afterwards. No significant change in Ml values

was observed at 22°C. There was no specific trend with respect to leachate types.
A.1.4.  Tensile Properties

The variations in tensile strength and strain at yield and break with time at five
different temperatures are shown in Figures A.5-A.9. It can be seen that the strength at
yield increased by approximately 18%; however, the strain at yield decreased by
approximately 10% within the testing period of 55 months at 85°C (Figure A.5). A

similar behavior of strength and strain at yield, however to a relatively lesser extent, was
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observed at 70 and 55°C (Figures A.6-A.7). No significant change in tensile yield
properties was observed at 40 and 22°C within the testing period of 55 months (Figures

A.8-A.9). There was no specific trend with respect to leachate types.

The break strength and strain decreased to about 65 and 75% respectively at
85°C (Figure A.5) indicating that Stage 111 has been completed for tensile break strength
and break strain at this temperature. The completion of Stage Ill is normally defined
when a particular GM property reaches 50% of its original value (Hsuan and Koerner
1998). The durations of Stage Il were approximately 26 and 23 years based on tensile
break strength and break strain, respectively. The break strength and strain at 70°C
decreased by approximately 10% by the end of the testing period (55 months) and the
decrease was observed around 45 months of ageing (Figure A.6). Consequently, the
duration of Stage Il at 70°C was estimated to be approximately 25 months based on
tensile break properties for the four leachates. There was no significant change in tensile
break properties at 55, 40, and 22°C within the testing period (55 months) (Figures A.7-

A9).
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Table A.1. Activation energy and Arrhenius equation for four different leachates in
Series 1 tests. (TM = trace metal solution, S = surfactant, IN = inorganic nutrients,
RA = reducing agent, VFA = volatile fatty acids, and Full=TM + S +
IN+VFA+RA). Note: based on 55 months of ageing data.

Activation Arrhenius equation

Leachate type energy, (sisinmonth*and Tis  R?
E. (kJ.mol™) in K)
Leachate — 1 (Full) 65.01 In(s) = 21.55-7820/T 0.975
Leachate — 2 (TM + S) 63.05  In(s)=21.08—7583/T 0.983
Leachate -3 (TM + S + IN +RA) 64.24 In(s) =21.42-7626/T 0.981

Leachate —4 (TM + S + VFA + RA) 64.79 In(s) = 21.54 — 7793/T  0.980

Table A.2. Predicted antioxidant depletion times in four different leachates at three
different temperatures by using Arrhenius equation in Series 1 tests. Note: based on
55 months of ageing data.

Antioxidant depletion time (yrs)

(0]
Temp (C) Leachate-1 Leachate-2 Leachate-3 Leachate-4
20 83 59 69 77
40 15 11 13 14
60 3.4 2.6 2.9 3.1
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Table A.3. OIT data at 85, 70, 55, 40, and 22°C in Series 1 tests.

Temp Ageing OIT (min)

(°C). time Leachate 1 Leachate 2 Leachate 3 Leachate 4
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 17436 185 17436 1.85 174.36 185 174.36 1.85

053 78.06 0.24 5538 6.10 6207 234 7260 6.15

85 090 5260 253 3428 090 4180 2.87 5022 154
193 1837 1.04 1043 0.88 1380 0.86 16.16 0.90

3.03 6.47 0.13 4.50 0.27 5.14 0.16 546 0.17

4.37 3.06 0.42 1.83 042 249 013 288 0.63

0.00 17436 185 17436 185 17436 185 174.36 1.85

0.53 13487 493 12145 329 12754 242 130.36 5.76

090 104.74 5.42 91.76 4.20 101.22 5.14 103.31 5.44

70 193 8165 450 6778 350 7340 3.04 76.67 291
4.37 51.62 243 35.12 476 4446 3.05 49.08 3.29

8.33 2414 312 6.08 040 1399 049 2241 1.38

12.87 5,53 0.33 228 0.15 330 020 415 0.12
20.07 1.88 0.38 096 0.09 1.08 013 143 0.37

0.00 17436 185 17436 1.85 174.36 185 174.36 1.85

0.53 155.06 3.32 148.89 158 151.38 1.88 152.64 4.68

193 140.10 3,53 129.28 3.27 131.85 172 136.48 2.85

437 12195 233 108.08 1.38 109.47 0.99 116.67 2.98

55 8.33 7758 360 59.15 474 6159 416 7345 1.10

1287 5517 189 4196 166 46.29 269 5224 2.07
20.07 26.69 288 1154 143 1643 3.61 1993 132
2543 1500 159 600 111 9.00 156 11.00 1.04
3153 850 037 350 067 450 043 730 0.69
3900 341 079 122 057 203 051 321 1.07

0.00 17436 185 17436 185 17436 185 17436 1.85
0.53 169.23 0.76 163.42 293 165.77 332 167.77 1.87
193 159.92 533 15270 1.17 15430 4.37 158.72 2.82
437 150.89 353 14109 142 14336 239 14640 1.06
833 14122 396 12853 199 13257 332 137.43 5.03
12.87 122,57 3.47 103.77 4.72 109.43 452 11570 3.88
40 20.07 104.16 539 80.62 531 90.69 553 96.28 4.67
2543 9196 310 7022 216 8106 335 86.20 242
3153 8116 283 6190 274 73.05 321 76.10 274
39.00 7556 346 5215 364 6213 348 6533 3.98
4477 69.11 271 4349 164 5319 273 5760 2.68
4990 5583 262 3346 290 4210 325 49.67 4.67
5450 50.00 590 29.10 422 3738 592 4294 451

000 17436 185 17436 185 17436 185 17436 1.85
193 166.54 455 16340 293 166.99 3.63 164.35 1.19
437 16434 264 16168 0.69 16392 419 16440 1.35
8.33 160.41 0.55 152.46 5.57 153.80 5.94 154.97 5.26

22
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Table A.3. (continued)

Tem Ageing OIT (min)
(OC;) " time Leachate 1 Leachate 2 Leachate 3 Leachate 4
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev

12.87 152.61 5.08 142.02 4.71 14553 4.77 14474 4.89
20.07 14476 3.87 136.26 4.82 140.74 4.46 14249 6.88
2543 13337 272 12701 225 13120 3.95 13218 4.67
22 3153 12789 470 120.09 321 12398 3.82 126.00 3.77
39.00 119.25 253 108.75 298 11428 1.63 117.88 1.30
4990 110.71 325 9348 129 10431 272 111.70 2.95
5450 10294 591 88.69 393 9644 6.06 101.03 3.44
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Table A.4. Crystallinity data at 85, 70, 55, 40, and 22°C in Series 1 tests.

Temp Ageing Crystallinity (%)
°C) " time Leachate 1 Leachate 2 Leachate 3 Leachate 4
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 3766 187 3766 187 3766 187 37.66 1.87
0.53 4358 158 4503 170 45.03 0.92 4428 0.33
0.90 4460 150 4441 085 46.85 1.03 4449 1.88
1.93 4471 197 4677 126 4521 177 4460 1.35
437 46.32 182 4635 144 4520 150 4490 1.30
8.33 4791 174 4753 049 4406 193 4558 1.96

85 1287 46.03 195 46.10 1.83 4503 126 4489 1.63

20.07  46.09 234 4707 155 4510 128 4892 1.60
2543 5294 156 5026 211 5219 0.72 5114 115
3153 5211 330 5375 098 5498 1./8 5149 3.93
39.00 53.08 325 5453 162 5262 194 5241 251
4477 5273 115 5212 216 5310 3.34 5318 257
4990 4898 161 4812 349 4880 124 49.05 054
5450 4863 3.77 5006 356 4787 226 4786 284

0.00 3766 187 3766 187 3766 187 37.66 1.87
0.53 4213 189 4472 0.74 4353 2.07 4436 1.65
0.90 46.16 158 4418 194 4394 195 44.09 1.49
1.93 4404 169 4528 217 46.71 1.84 4508 211
4.37 4544 113 4394 195 4540 2.05 4430 212
8.33 4425 111 4536 2.08 4390 1.85 4483 1.52
70 12.87 46,56 197 4442 202 4648 112 4578 1.44
20.07 4412 215 4633 199 4620 1.04 4488 124
2543 50.21 212 4841 086 4932 045 48.03 0.1
3153 4936 148 4708 183 50.78 211 46.36 1.73
39.00 50.74 290 48.68 4.05 4951 260 4921 3.12
4990 50.11 224 5097 3.87 4838 290 4793 488
5450 5098 356 50.33 285 4844 335 48.73 3.95

0.00 3766 187 3766 187 3766 187 3766 1.87
4.37 3774 135 3854 081 3845 076 36.20 1.15
8.33 3865 197 3758 190 3639 140 38.08 243
1287 3979 195 4209 224 4123 173 4130 131
20.07 4120 193 4221 218 4159 206 4086 2.06

= 2543 4400 177 4335 171 4158 135 4263 1.08
3153 4348 118 4369 187 43.02 111 4171 1.43
39.00 43.71 161 4390 290 4334 120 4333 249
4990 4395 038 4327 219 4244 127 4329 121
5450 43.70 194 4371 271 4351 246 4321 2.36
0.00 3766 187 3766 187 3766 187 3766 1.87
40 4.37 3691 216 3828 088 3788 151 37.88 216

8.33 3652 198 36.09 172 3851 100 3782 141
1287 3726 2.07 3857 0.64 3888 121 38.67 1.46
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Table A.4. (continued)

Temp Ageing Crystallinity (%)
°C) " time Leachate 1 Leachate 2 Leachate 3 Leachate 4
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev
20.07 3941 137 3897 0.18 3954 152 3791 195
2543 3887 144 4087 242 4157 198 39.24 122
40 31.53 4221 186 3942 158 4111 1.75 4088 2.04

39.00 4261 244 4177 319 4226 274 4188 2.89
4990 4166 3.62 4205 233 4235 329 4242 4.00
5450 4288 313 4279 218 4220 226 4230 1.50

0.00 3766 187 3766 187 3766 187 37.66 1.87
8.33 3711 213 3698 145 3848 130 3762 1.79
1287 3862 165 3760 138 3771 0.77 3818 170
20.07 3947 230 3781 099 3682 116 3715 1.87
22 2543 3784 120 3704 173 3831 085 3814 0.62
3153 36.54 223 3877 146 3763 0.67 3654 1.29
39.00 3845 274 39.18 4.03 3843 276 3796 161
4990 3896 313 3849 164 3857 378 3764 3.36
5450 3842 328 37.00 224 3743 417 3880 3.18
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Table A.5. Melt index (MI) data at 85, 70, and 55°C in Series 1 tests.

Temp Ageing Melt index (g/10min)
°C) " time Leachate 1 Leachate 2 Leachate 3 Leachate 4
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 043 002 043 002 043 0.02 043 0.02
1.93 035 002 036 002 035 002 036 0.03
4.37 033 002 034 002 034 002 032 0.02
8.33 034 002 034 002 032 002 032 0.02
12.87 033 003 033 002 033 002 035 0.03

85 20.07 035 002 034 001 036 002 034 0.02
25.43 037 001 036 002 037 002 038 0.01
31.53 041 001 040 001 038 003 041 0.01
39.00 039 004 038 002 037 001 039 0.02
44.77 035 001 034 002 034 003 034 0.01
49.90 029 003 030 004 029 004 029 0.02
54.50 025 003 028 003 025 004 026 0.05
0.00 043 002 043 002 043 0.02 043 0.02
1.93 040 002 040 002 040 0.02 039 0.03
4.37 038 002 038 002 038 002 037 0.02
8.33 035 002 036 002 034 002 036 0.02
12.87 035 002 034 001 035 001 034 0.02

20 20.07 035 002 033 002 034 002 034 0.02
25.43 038 002 038 001 037 001 037 0.02
31.53 040 001 038 001 039 001 038 0.01
39.00 039 003 039 003 039 003 038 0.02
44.77 039 003 039 002 038 002 040 0.02
49.90 039 002 038 003 037 002 037 0.02
54.50 038 003 037 002 039 003 039 0.03
0.00 043 002 043 002 043 0.02 043 0.02
4.37 041 002 041 002 042 0.02 041 0.02
8.33 039 002 038 002 039 002 038 0.02
12.87 036 002 037 001 035 002 036 0.02

55 20.07 036 003 037 002 037 002 037 0.02
25.43 034 001 035 002 034 002 034 0.01
31.53 035 001 034 002 033 002 035 0.02
44.77 036 003 035 003 037 003 036 0.01
54.50 035 001 036 002 035 001 036 0.03
0.00 043 002 043 002 043 0.02 043 0.02
8.33 042 002 043 002 042 002 042 0.01
20.07 043 002 042 001 042 001 042 0.01

40 25.43 040 003 040 001 039 003 039 0.02
31.53 039 002 040 002 038 001 038 0.02
44,77 038 003 038 004 041 002 039 0.03
54.50 040 001 039 002 040 0.02 039 0.01
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Table A.5. (continued)

Temp Ageing Melt index (g/10min)
°C) " time Leachate 1 Leachate 2 Leachate 3 Leachate 4
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 043 002 043 002 043 0.02 043 0.02
29 20.07 041 002 044 002 043 0.02 044 0.02
31.53 044 002 043 002 043 0.02 043 0.02
54.50 043 002 043 001 042 001 044 0.02
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Table A.6. Yield strength data at 85, 70, 55, 40, and 22°C in Series 1 tests.

Temp. Ageing Yield strength (KN/m)

time Leachate 1 Leachate 2 Leachate 3 Leachate 4

(0]
(C) (months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 2850 082 2850 082 2850 082 2850 0.82
4.37 3216 127 3180 081 3246 100 3166 1.26
8.33 3142 072 3069 126 3197 089 3217 0.87
1287 3258 0.70 3188 0.89 3226 0.87 3277 1.22
2007 3385 052 3330 065 3366 053 33.09 094
85 2543 3368 0.79 3345 069 3346 067 3367 1.02
3153 3365 069 3342 063 3352 052 3331 0.82
39.00 3305 142 3294 109 3329 153 3270 1.58
4477 3270 120 3155 192 3322 140 3255 1.90
4990 3359 241 3228 217 3272 106 3324 196
5450 3383 186 3294 189 3261 199 3347 2.38

0.00 2850 082 2850 082 2850 082 2850 0.82
4.37 3069 168 3081 110 30.72 123 3086 148
1287 3145 105 3114 146 3126 140 3052 111
2007 3146 132 3064 139 3097 136 3098 1.67
70 3153 3138 142 3131 136 30.75 155 31.06 1.23
39.00 3031 122 3051 260 30.03 248 3048 2.66
4477 3201 149 3205 154 3112 117 3113 190
4990 3183 209 3131 091 3153 143 3140 142
5450 3156 136 3269 132 3144 181 3131 1.65

0.00 2850 082 2850 082 2850 082 2850 0.82
20.07 2950 168 2966 2.06 28.76 1.02 2911 1.55

> 3153 3013 095 2936 174 2948 144 2931 171
5450 3006 163 29.73 135 2969 0.88 2955 1.36
0.00 2850 082 2850 082 2850 082 2850 0.82
40 20.07 2868 117 2864 126 2836 1.00 28.74 1.00
3153 2877 128 2869 1.08 2855 098 28.77 0.97
5450 2856 1.06 2883 114 2875 103 2877 114
0.00 2850 082 2850 082 2850 082 2850 0.82
29 20.07 2855 110 2832 116 2857 1.04 2849 1.02

3153 2861 096 2868 118 2858 114 28.68 1.10
5450 2843 126 2849 098 2852 095 28.60 1.26
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Table A.7. Yield strain data at 85, 70, 55, 40, and 22°C in Series 1 tests.

Ageing Yield strain (%)

Temp.

(°C) time Leachate 1 Leachate 2 Leachate 3 Leachate 4

(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 2346 093 2346 093 2346 093 2346 0.93
4.37 2134 100 2186 097 2159 098 2157 081
8.33 2186 107 2143 085 2130 046 2127 053
1287 2122 0.79 2134 099 2127 095 2155 0.69
20.07 2144 084 2131 077 2145 085 2154 0.96
85 2543 2141 101 215 080 2196 080 2119 0.74
3153 2156 094 2151 073 2153 094 2160 0.67
39.00 2223 203 2211 238 2211 1.7/8 2156 214
4477 2262 230 2214 174 2164 140 2186 147
4990 2237 215 2228 205 2212 181 21.75 195
5450 2190 206 21.83 143 2120 184 2218 245

0.00 2346 093 2346 093 2346 093 2346 0.93
4.37 2265 176 2282 142 2270 196 2295 238
1287 2235 139 2273 215 2283 211 2273 211
20.07 2259 176 2226 190 2259 128 2206 1.10
70 3153 2180 084 2274 138 2267 155 2325 204
39.00 2317 221 23.00 142 2252 134 2276 135
4477 2261 200 2349 187 2268 189 2231 211
4990 2282 240 2251 171 2277 232 2213 201
5450 2243 193 2261 146 23.09 221 2373 2.64

0.00 2346 093 2346 093 2346 093 2346 0.93
20.07 23.09 111 2326 1.04 2313 165 2326 149

> 3153 2253 179 2297 149 2214 174 2192 139
5450 2261 177 2202 151 2212 150 2243 141
0.00 2346 093 2346 093 2346 093 2346 0.93
40 20.07 2325 1.08 2334 109 2339 137 2285 1.57
3153 23.02 102 2302 131 2333 108 2350 1.13
5450 2329 116 2305 135 2335 118 2330 0.87
0.00 2346 093 2346 093 2346 093 2346 0.93
29 20.07 2305 091 2328 095 2341 107 2317 0.93

3153 2366 1.06 2334 124 2322 129 2312 120
5450 2322 126 235 136 2319 116 2361 1.07
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Table A.8. Break strength data at 85, 70, 55, 40, and 22°C in Series 1 tests.

Ageing Break strength (kN/m)

Temp. time Leachate 1 Leachate 2 Leachate 3 Leachate 4

(0]
(C) (months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 60.81 495 6081 495 6081 495 6081 4.95
4.37 6041 433 5899 377 5836 495 61.01 4.29
8.33 5941 340 5883 442 6138 443 60.61 4.26
1287 59.40 326 5897 430 5995 395 6120 3.32
20.07 59.48 422 6016 343 5871 430 6014 4.83
85 2543 56.17 4.05 5684 297 56.24 234 5690 299
3153 5184 481 5290 4.03 5340 254 53.05 4.62
39.00 4092 724 3921 984 36.88 827 3549 3.69
4477 2940 456 2736 431 2562 397 2834 521
4990 2141 425 2121 414 2128 299 2510 3.27
5450 1896 265 2035 275 1981 325 2141 211

0.00 60.81 495 6081 495 6081 495 6081 4.95
4.37 6125 4.18 5998 326 60.12 378 60.23 411
1287 60.29 467 6126 418 6134 413 61.09 3.78
20.07 6107 434 6045 421 6087 432 6078 4.62
70 3153 6059 448 6102 398 6137 3.78 6119 4.56
39.00 5961 516 59.77 3.69 6049 310 5943 3.86
4477 6159 3.79 59.73 5.69 5794 433 5882 585
4990 56.97 4.67 58.03 509 5345 3.76 56.77 5.27
5450 5569 313 5737 531 56.60 197 5816 3.04

0.00 60.81 495 6081 495 6081 495 6081 4.95
20.07 60.70 415 59.72 553 5815 503 6085 5.86

> 3153 59.07 416 6019 610 6143 259 6184 3.97
5450 6167 323 6190 468 6049 430 6017 4.68
0.00 60.81 495 6081 495 6081 495 6081 4.95
40 20.07 6122 442 6098 334 6089 374 6018 542
3153 6096 4.01 6114 4.07 6046 346 6041 6.21
5450 6046 3.05 6059 241 6110 3.65 60.76 3.56
0.00 60.81 495 6081 495 6081 495 6081 4.95
29 20.07 5993 397 6122 413 5931 458 6093 3.40

3153 6188 3.69 6038 4.08 6032 277 59.78 3.02
5450 6136 446 6094 3.77 60.66 5.09 6121 3.86
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Table A.9. Break strain data at 85, 70, 55, 40, and 22°C in Series 1 tests.

Ageing Break strain (%)

Temp. time Leachate 1 Leachate 2 Leachate 3 Leachate 4

(0]
(C) (months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 945.00 67.70 945.00 67.70 945.00 67.70 945.00 67.70
437 92113 48.65 911.98 60.90 929.78 41.89 920.50 54.14
8.33 92512 47.46 923.16 65.42 927.87 52.61 939.86 56.47
12.87 910.84 49.43 921.64 59.53 921.90 58.92 934.48 41.00
20.07 92453 61.18 922.94 53.04 92450 58.53 940.39 62.86
85 2543 856.15 26.16 870.09 54.06 871.13 61.71 857.30 55.88
3153 849.86 45.76 858.95 68.19 858.13 61.69 862.07 62.43
39.00 544.25 73.11 560.60 94.80 570.29 98.14 527.72 68.03
4477 385.00 70.86 366.71 54.05 451.01 44.75 47420 84.76
49.90 28445 6537 27039 63.89 30532 77.24 351.20 59.01
5450 243.71 66.96 259.33 56.67 226.32 48.53 300.63 41.75

0.00 94500 67.70 945.00 67.70 945.00 67.70 945.00 67.70
437 950.02 59.92 950.02 59.92 950.02 59.92 950.02 59.92
12.87 92483 57.75 924.83 57.75 924.83 57.75 924.83 57.75
20.07 957.60 53.52 957.60 53.52 957.60 53.52 957.60 53.52
70 3153 933.40 59.49 093340 59.49 93340 59.49 933.40 59.49
39.00 929.72 60.93 888.98 45.25 885.17 76.38 924.18 80.07
4477 958.36 42.37 93530 62.49 916.09 74.67 918.49 74.42
4990 906.46 75.03 888.04 85.13 871.69 86.93 883.68 90.06
5450 862.47 85.63 886.03 66.56 876.80 65.82 892.00 7241

0.00 945.00 67.70 945.00 67.70 945.00 67.70 945.00 67.70
20.07 920.15 68.19 891.05 56.79 899.36 77.30 920.50 54.14

= 3153 908.46 75.53 925.19 80.98 937.15 57.94 939.86 56.47
5450 95258 63.98 920.34 40.35 913.82 73.76 93448 41.00
0.00 945.00 67.70 945.00 67.70 945.00 67.70 945.00 67.70
40 20.07 92397 73.95 921.14 93.77 91218 7249 925.74 84.88
3153 955.83 103.11 951.01 90.54 948.64 72.50 942.43 64.71
5450 942.06 73.69 935.32 7147 926.46 84.18 948.46 99.14
0.00 945.00 67.70 945.00 67.70 945.00 67.70 945.00 67.70
29 20.07 937.71 111.76 914.61 8591 940.35 99.45 937.18 75.02

3153 93396 73.78 929.99 6442 93450 99.15 920.25 56.84
5450 921.41 56.34 942.27 89.39 945.16 63.72 947.85 64.11
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Figure A.1l. Variation in In(OIT) with time at different temperatures in four
different Leachates (Series 1): (a) 55°C, (b) 40°C, and (c) 22°C. Note:
including up to 55 months of ageing data.
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Figure A.9. Variation in tensile properties in four different leachates at 22°C
(Series 1): (a) yield strength, (b) yield strain, (c) break strength, and
(d) break strain. Note: properties are plotted as normalized to the
initial value.
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APPENDIX B

EFFECTS OF THICKNESS ON THE DEGRADATION OF HDPE

GEOMEMBRANES

The results of the effects of thickness on the ageing of HDPE geomembranes
are presented in Chapter 3. This appendix provides the supplementary results of Chapter

3.

Table B.1. Typical commercially available antioxidants with effective temperature
ranges (modified from Hsuan and Koerner 1998 and Fay and King 1994).

Antioxidant Chemical type Eefr;ep()::r\éfure Typica_ll commercially available

group range (°C) antioxidants
Hindered phenol 0-300 Irganox 1076, Irganox 1010,

Primary Santowhite Crystals.
Hindered amine light 0-150 Various types of Tinuvin, Chimassorb,
stabilizer (HALS) and Cyasorb; Uvinul 5050 and HA88.
Phosphites 150-300 Irgafos 168 (POs), Irgafos 168 (PO,).
Thiosynergists 0-200 Dilauryl thiodipropionate, Distearyl

Secondary thiodipropionate.
Hindered amine light 0-300 Various types of Tinuvin, Chimassorb,
stabilizer (HALYS) and Cyasorb; Uvinul 5050 and HAS88.

Table B.2. Concentrations of antioxidants® in the three geomembranes.

Antioxidant type

G_eomembrane | 1010 Irganox  Irgafos 168 Irgafos 168
thickness (mm) ~ 'T9anoX 1076" (PO3) (PO.)
(ppm) (ppm) (ppm) (ppm)
15 1620 <50 735 475
2.0 1205 <50 605 415
2.5 1665 <50 880 165

Analyzed at the Ciba® Testing Services, NY, USA
*Trace amount was detected
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Table B.3. OIT data for the 1.5, 2.0, and 2.5mm geomembranes at 85, 70, 55, and

22°C.
Ageing OIT (min)
T(eorg)p. time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 134.67 2.16 150.29 1.17 136.23 0.43
0.57 55.12 3.50 80.83 1.77 81.61 1.83
1.07 26.89 2.17 54.90 2.23 57.84 3.16
1.53 13.57 1.49 38.66 1.38 42.30 3.02
85 2.20 8.06 0.44 23.97 2.41 28.03 3.22
2.70 5.00 1.20 12.12 1.54 17.18 0.92
3.80 2.40 0.39 4.15 1.03 6.61 0.85
4.50 1.54 0.30 1.92 0.41 3.41 0.49
5.57 1.13 0.35 1.41 0.35 2.15 0.21
6.50 0.98 0.33 1.29 0.37 1.45 0.43
0.00 134.67 2.16 150.29 1.17 136.23 0.43
0.57 105.41 5.03 119.31 0.01 112.23 1.80
1.53 82.77 2.44 97.68 1.73 91.65 5.17
2.70 47.40 3.99 64.41 2.07 77.04 4.56
3.80 29.17 1.94 49.58 2.94 60.06 2.70
70 4.500 18.70 1.04 36.52 2.41 42.60 2.83
5.57 12.99 1.60 28.03 3.04 33.06 1.85
6.50 9.51 0.72 21.20 2.43 24.32 2.45
8.57 4.73 0.45 12.00 2.14 13.98 1.24
12.30 1.31 0.27 7.32 1.50 8.88 0.97
16.03 1.54 0.21 1.80 0.69 4.72 0.69
18.53 1.20 0.29 1.92 0.77 1.65 0.89
0.00 134.67 2.16 150.29 1.17 136.23 0.43
0.57 123.28 0.94 137.09 1.43 124.30 2.94
1.53 112.25 1.49 126.08 1.03 115.13 0.45
2.70 101.91 1.18 114.64 1.77 107.48 1.07
3.80 86.98 1.64 103.02 2.56 96.46 2.82
4.50 75.01 2.40 95.56 2.39 89.54 2.38
5.57 64.98 2.29 84.05 2.47 81.02 2.17
95 6.50 56.31 1.86 75.12 251 75.69 1.67
8.57 46.05 2.03 62.00 1.74 59.02 3.71
12.30 34.02 4.29 51.60 2.21 54.21 1.52
16.03 20.19 2.26 32.95 1.88 37.05 2.44
18.53 16.17 3.06 24.37 3.06 25.72 2.67
22.37 12.53 1.80 20.03 2.57 20.29 2.27
25.47 6.11 1.67 10.84 2.01 15.84 2.09
30.27 3.38 1.12 7.62 1.90 9.88 1.83
0.00 134.67 2.16 150.29 1.17 136.23 0.43
22 1.53 129.32 2.90 145.50 2.45 131.60 3.54
6.50 124.45 2.20 141.20 3.32 128.30 1.22
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Table B.3. (continued)

Ageing OIT (min)

time 1.5mm 2.0mm 2.5mm

(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev

12.30 116.67 2.68 135.79 2.46 125.43 1.44
16.03 106.52 1.13 124.92 2.75 116.16 211
18.53 103.10 1.16 121.14 3.81 114.10 2.65
22.37 99.06 3.30 118.01 2.40 111.48 1.84
25.47 95.03 2.84 113.58 2.37 108.11 2.65
30.27 89.66 1.46 104.59 4.55 103.04 3.21
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Table B.4. Crystallinity data for the 1.5, 2.0, and 2.5mm geomembranes at 85, 70, 55,

and 22°C.
Ageing Crystallinity (%)
T(eorg)p. time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 47.57 1.40 50.32 0.75 46.63 1.70
2.70 53.68 4.46 52.08 3.29 47.75 3.85
4.50 53.45 4.00 53.05 2.30 48.39 3.54
8.57 56.36 4.08 54.56 0.90 49.91 3.92
85 10.47 55.05 1.97 56.03 4.43 49.81 3.09

12.30 56.72 4.21 56.76 4.23 49.92 3.73
16.03 54.18 3.93 54.12 481 49.52 2.97
22.37 57.40 3.86 52.19 3.98 49.08 3.46
25.47 60.58 1.28 55.57 2.71 50.92 3.54
30.27 60.19 4.00 55.01 3.58 48.89 3.06
0.00 47.57 1.40 50.32 0.75 46.63 1.70
2.70 50.85 3.62 51.79 3.06 48.00 3.67
6.50 51.37 3.43 51.46 3.35 48.71 3.60
12.30 55.09 2.56 54.46 3.64 50.00 3.19
70 16.03 53.07 2.21 53.53 2.71 49.32 3.60
18.53 54.27 1.78 52.80 3.74 48.61 3.51
22.37 55.98 3.33 54.50 4.25 48.73 2.36
25.47 54.98 3.91 53.30 3.66 48.85 3.91
30.27 54.62 3.20 54.06 1.85 49.08 241
0.00 47.57 1.40 50.32 0.75 46.63 1.70
2.70 47.51 2.69 50.00 4.38 45.93 3.01
6.50 45.82 2.12 51.14 3.14 47.00 411
12.30 48.11 3.50 51.80 3.03 47.18 2.90
55 16.03 50.54 2.65 49.82 3.60 46.10 3.56
18.53 51.00 3.70 52.11 2.86 45.46 2.50
22.37 49.49 3.35 51.18 2.72 48.09 3.43
25.47 51.64 3.61 53.53 3.95 49.06 2.04
30.27 52.05 3.62 54.09 4.14 50.24 2.70
0.00 47.57 1.40 50.32 0.75 46.63 1.70
12.30 47.36 2.01 51.40 3.06 47.19 1.33
22.37 48.47 3.47 51.17 2.08 46.62 2.93
30.27 46.21 2.84 49.80 3.20 45.95 3.67

22
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Table B.5. Melt index data for the 1.5, 2.0, and 2.5mm geomembranes at 85, 70, 55,

and 22°C.
Temp. Ageing Melt index (g/10min)
°C) time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 14.26 0.82 11.10 0.48 14.51 0.54
2.70 13.99 0.47 10.93 0.86 14.78 0.77
4.50 14.01 0.98 10.48 0.71 14.15 0.52
8.57 14.37 0.38 10.83 0.74 14.36 0.56
85 10.47 13.48 0.78 11.11 0.95 14.25 0.39

12.30 12.84 0.86 10.31 0.32 13.84 0.55
16.03 12.34 0.86 10.14 0.46 13.41 0.59

22.37 12.10 0.89 9.97 0.41 12.99 0.69
25.47 12.02 0.96 9.67 1.09 12.77 0.93
30.27 11.87 0.60 9.56 0.54 12.94 0.60

0.00 14.26 0.82 11.10 0.48 14.51 0.54
2.70 14.03 0.84 10.55 0.54 13.88 0.47
6.50 14.58 0.54 11.04 0.71 14.03 0.78
12.30 14.25 0.60 10.91 0.55 14.62 0.53
70 16.03 13.82 0.36 10.55 0.84 14.00 0.46
18.53 13.78 0.76 11.19 1.02 14.22 0.69
22.37 12.86 1.03 11.03 0.71 14.35 0.61
25.47 12.81 0.53 10.24 0.74 13.64 0.69
30.27 12.99 0.45 10.37 0.38 13.78 0.73

0.00 14.26 0.82 11.10 0.48 14.51 0.54
12.30 14.06 0.37 10.66 0.67 14.17 0.67

- 22.37 14.14 0.43 10.97 0.56 14.18 0.91
30.27 14.24 0.61 11.12 0.69 14.39 0.46
0.00 14.26 0.82 11.10 0.48 14.51 0.54
29 12.30 14.18 0.43 10.98 0.40 14.13 0.55

22.37 14.15 0.50 11.03 0.35 14.36 0.57
30.27 14.18 0.65 11.14 0.26 14.26 0.61
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Table B.6. Machine direction yield strength data for the 1.5, 2.0, and 2.5mm

geomembranes at 85, 70, 55, and 22°C.

Temp Ageing Yield strength along machine direction (KN/m)
°C) - time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 26.69 0.86 38.38 0.48 45.80 1.73
4.50 28.75 0.47 42.04 0.69 50.52 1.48
8.57 30.48 0.86 42.23 1.09 51.42 0.82
10.47 30.74 0.91 42.31 0.74 49.56 1.86

85 12.30 28.92 0.72 43.12 0.52 49.93 1.81
16.03 29.72 1.28 42.93 0.57 52.69 1.54
22.37 29.93 1.00 43.37 1.03 50.95 0.31
25.47 29.70 0.96 41.00 1.10 49.98 0.77
30.27 29.79 0.90 42.04 1.00 51.92 1.20
0.00 26.69 0.86 38.38 0.48 45.80 1.73
6.50 27.79 0.88 40.78 0.59 50.12 1.25
12.30 29.43 0.73 41.44 0.87 50.89 1.21

70 16.03 28.77 0.21 41.03 0.54 49.47 1.64
18.53 28.70 0.52 40.80 1.14 48.63 0.83
22.37 27.47 0.90 39.89 0.40 49.84 1.02
25.47 28.11 1.21 40.35 0.74 50.14 0.96
30.27 28.83 0.98 41.84 1.33 50.64 2.18
0.00 26.69 0.86 38.38 0.48 45.80 1.73

55 16.03 27.05 1.18 38.05 0.50 46.26 1.86
30.27 26.89 1.28 37.72 1.24 45,52 1.94
0.00 26.69 0.86 38.38 0.48 45.80 1.73

22 16.03 26.32 0.86 38.17 1.67 46.29 4.08
30.27 26.71 0.64 38.00 1.21 44.69 2.22
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Table B.7. Machine direction yield strain data for the 1.5, 2.0, and 2.5mm

geomembranes at 85, 70, 55, and 22°C.

Temp Ageing Yield strain along machine direction (%)
°C) - time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 23.94 1.72 20.81 0.25 20.32 0.51
4.50 27.90 0.99 22.75 1.59 22.61 1.23
8.57 25.08 1.35 22.92 1.48 22.58 1.55
10.47 28.14 0.57 22.61 0.49 22.98 1.13

85 12.30 25.39 151 23.08 1.11 22.49 0.50
16.03 25.73 1.95 22.90 0.48 22.69 0.53
22.37 25.60 0.96 23.01 0.53 22.42 1.03
25.47 27.61 0.98 24.82 1.15 23.18 0.72
30.27 27.56 0.88 23.47 1.74 21.90 0.73
0.00 23.94 1.72 20.81 0.25 20.32 0.51
6.50 25.15 151 22.79 0.87 21.14 2.16
12.30 25.39 0.99 22.69 0.52 21.57 1.07

70 16.03 25.69 0.57 22.59 0.32 22.57 1.61
18.53 26.24 0.64 21.87 1.33 22.02 0.19
22.37 25.39 1.21 22.41 1.15 22.61 0.39
25.47 25.09 0.71 22.48 1.14 22.91 0.63
30.27 25.79 0.93 22.51 0.92 22.93 1.24
0.00 23.94 1.72 20.81 0.25 20.32 0.51

55 16.03 22.63 1.04 20.43 0.50 20.21 0.62
30.27 23.57 1.28 21.21 1.05 20.46 0.52
0.00 23.94 1.72 20.81 0.25 20.32 0.51

22 16.03 23.44 1.00 20.78 0.51 20.91 1.35
30.27 24.02 1.27 20.72 0.25 20.36 0.79

279



Table B.8. Machine direction break strength data for the 1.5, 2.0, and 2.5mm

geomembranes at 85, 70, 55, and 22°C.

Temp Ageing Break strength along machine direction (kN/m)
°C) - time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 45.99 5.27 60.31 4.51 62.27 10.20
4.50 44.08 3.84 60.34 3.42 58.44 7.24
8.57 44.91 4.05 60.36 4.33 62.58 5.52
10.47 43.95 3.76 61.56 3.90 63.02 2.84

85 12.30 41.73 6.24 55.48 4.78 49.74 6.85
16.03 37.33 4.12 51.23 7.04 35.85 8.01
22.37 35.45 4.19 48.80 5.28 34.92 9.66
25.47 34.47 4.01 47.49 5.48 33.85 7.40
30.27 32.15 4.00 47.81 5.26 35.69 6.12
0.00 45.99 5.27 60.31 451 62.27 10.20
6.50 45.97 3.54 59.57 3.68 62.44 5.76
12.30 47.59 4.13 59.69 3.66 64.10 4.50

70 16.03 43.13 5.48 56.30 6.64 64.34 7.71
18.53 46.36 5.16 58.82 5.27 58.64 6.44
22.37 48.52 4.29 56.98 571 58.13 8.00
25.47 44,92 5.83 57.84 5.96 62.32 6.91
30.27 45.55 3.98 59.24 3.88 62.04 4.60
0.00 45.99 5.27 60.31 451 62.27 10.20

55 16.03 45.35 4.81 59.24 4.32 63.75 7.48
30.27 46.56 3.01 61.21 4.85 62.15 6.30
0.00 45.99 5.27 60.31 4.51 62.27 10.20

22 16.03 46.78 2.92 60.06 4.71 59.84 6.23
30.27 45.91 4.36 60.42 3.95 60.23 8.99
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Table B.9. Machine direction break strain data for the 1.5, 2.0, and 2.5mm

geomembranes at 85, 70, 55, and 22°C.

Temp Ageing Break strain along machine direction (%)
°C) - time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 824.73 81.15 787.57 57.20 766.61 58.00
4.50 805.62 75.07 764.40 88.04 737.80 67.03
8.57 840.26 57.97 823.14 61.93 796.12 71.49
10.47 746.19 103.39 788.26 69.24 758.61 71.14

85 12.30 766.12 130.73 713.86 58.65 622.37 84.57
16.03 770.15 64.81 684.96 95.44 439.06 54.34
22.37 713.20 91.50 673.84 96.19 366.05 93.56
25.47 686.30 99.92 658.62 59.73 380.99 79.68
30.27 627.58 101.04 687.53 50.92 414.69 67.30
0.00 824.73 81.15 787.57 57.20 766.61 58.00
6.50 798.96 90.14 794.75 75.44 813.28 55.93
12.30 780.64 98.74 793.62 55.81 749.28 73.80

70 16.03 775.65 84.53 777.63 67.69 772.37 81.99
18.53 795.21 75.58 749.14 98.51 763.81 95.10
22.37 798.94 54.92 782.85 70.65 728.85 71.17
25.47 805.92 81.85 801.62 72.18 739.58 68.40
30.27 824.77 65.82 797.89 91.26 751.49 41.69
0.00 824.73 81.15 787.57 57.20 766.61 58.00

55 16.03 819.02 67.79 772.56 51.72 743.85 50.25
30.27 822.35 68.42 753.69 72.59 777.42 72.15
0.00 824.73 81.15 787.57 57.20 766.61 58.00

22 16.03 835.90 80.68 786.34 51.25 767.59 72.64
30.27 815.74 77.50 761.52 68.08 763.36 65.91
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Table B.10. Cross-machine direction yield strength data for the 1.5, 2.0, and 2.5mm
geomembranes at 85, 70, 55, and 22°C.

Ageing Yield strength along cross-machine direction (KN/m)
time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 28.95 0.48 39.10 0.75 46.87 0.56
4.50 32.15 0.98 43.06 0.56 51.65 1.00
8.57 32.21 0.66 44.03 0.74 52.95 1.16
10.47 32.04 0.34 42.50 0.83 51.24 0.50
85 12.30 31.74 0.89 41.72 1.15 50.68 0.46
16.03 31.04 0.47 43.00 0.80 51.93 1.52
22.37 31.32 0.67 43.43 0.52 50.59 1.30
25.47 31.97 0.67 44.37 0.51 51.01 0.37
30.27 31.77 0.68 43.74 1.06 51.61 1.14
0.00 28.95 0.48 39.10 0.75 46.87 0.56
6.50 31.07 1.17 42.18 0.39 51.65 1.00
12.30 31.04 0.68 42.37 0.65 49.86 0.98
16.03 30.34 0.43 41.71 0.41 51.08 1.05
18.53 30.64 0.76 40.44 0.42 49.57 2.40
22.37 31.47 0.36 41.59 0.57 50.70 1.23
25.47 31.28 0.64 42.24 0.80 49.65 1.43
30.27 31.12 0.77 42.70 1.06 51.75 1.20
0.00 28.95 0.48 39.10 0.75 46.87 0.56
55 16.03 29.26 0.83 39.53 0.91 46.99 2.50
30.27 28.22 1.27 39.74 1.05 45.74 2.38
0.00 28.95 0.48 39.10 0.75 46.87 0.56
22 16.03 28.24 1.64 39.62 1.00 46.58 3.40
30.27 28.75 1.20 39.67 1.08 47.26 2.34
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282



Table B.11. Cross-machine direction yield strain data for the 1.5, 2.0, and 2.5mm
geomembranes at 85, 70, 55, and 22°C.

Ageing Yield strain along cross-machine direction (%)

time 1.5mm 2.0mm 2.5mm

(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 18.54 0.40 21.39 0.76 19.35 0.75
4.50 19.27 1.10 23.32 1.21 21.15 1.30
8.57 20.22 1.05 22.33 1.04 21.43 0.95
10.47 20.60 1.64 22.86 0.95 21.36 1.43
85 12.30 20.03 0.58 24.04 1.77 20.66 0.38
16.03 19.91 1.33 23.07 0.87 20.62 0.49
22.37 20.67 0.45 22.88 1.37 20.40 0.69
25.47 19.92 0.93 23.82 0.95 20.64 0.47
30.27 19.95 0.85 22.80 1.08 21.15 0.67

0.00 18.54 0.40 21.39 0.76 19.35 0.75
6.50 20.19 0.23 23.43 1.63 20.69 0.90
12.30 20.29 1.40 23.15 0.87 21.79 0.79
16.03 19.56 0.37 23.09 1.73 21.50 0.85
18.53 19.87 1.58 22.95 1.04 21.07 1.16
22.37 20.43 0.78 23.52 0.84 20.16 0.42
25.47 19.75 1.71 22.47 1.36 21.13 0.86
30.27 20.06 0.89 23.34 1.28 21.66 1.19

70

0.00 18.54 0.40 21.39 0.76 19.35 0.75
55 16.03 18.58 0.76 21.57 0.91 19.57 1.44
30.27 18.23 0.47 21.86 1.30 19.29 1.85

0.00 18.54 0.40 21.39 0.76 19.35 0.75
22 16.03 18.35 0.66 21.82 1.11 19.81 1.07
30.27 18.13 0.53 21.36 1.14 20.05 0.90
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Table B.12. Cross-machine direction break strength data for the 1.5, 2.0, and 2.5mm
geomembranes at 85, 70, 55, and 22°C.

Ageing Break strength along cross-machine direction (KN/m)
°C) time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 43.69 6.09 61.61 3.91 38.48 8.39
4.50 46.47 4.08 62.40 2.29 38.94 4.27
8.57 46.50 3.74 62.59 5.13 38.54 4.04
10.47 40.97 3.71 61.59 3.55 37.44 4.30
85 12.30 39.11 5.29 49.05 7.98 30.77 441
16.03 31.96 4.55 39.94 5.47 25.89 4.77
22.37 27.90 5.23 37.02 8.29 20.05 4.68
25.47 25.45 4.82 35.42 5.16 18.87 5.78
30.27 23.31 4.84 33.42 5.60 16.64 2.92
0.00 43.69 6.09 61.61 3.91 38.48 8.39
6.50 43.29 3.08 60.05 4.74 37.01 3.02
12.30 43.59 3.02 60.68 3.97 38.02 4.71
16.03 41.29 3.23 63.70 5.95 36.57 3.88
18.53 44.56 4.73 59.08 6.36 38.59 4.63
22.37 39.47 4.06 60.70 6.44 38.51 4.56
25.47 38.58 3.21 53.76 5.53 32.61 3.19
30.27 34.24 5.79 47.38 5.75 24.97 4.57
0.00 43.69 6.09 61.61 3.91 38.48 8.39
55 16.03 44.50 2.09 60.96 2.79 39.09 3.79
30.27 44.69 2.37 61.33 4.14 39.14 3.02
0.00 43.69 6.09 61.61 3.91 38.48 8.39
22 16.03 44.32 5.22 58.83 3.18 37.42 5.19
30.27 44.82 4.51 61.19 4.68 38.88 5.37
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Table B.13. Cross-machine direction break strain data for the 1.5, 2.0, and 2.5mm
geomembranes at 85, 70, 55, and 22°C.

Ageing Break strain along cross-machine direction (%)

time 1.5mm 2.0mm 2.5mm

(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev

0.00 830.37 95.29 785.46 41.16 634.43 143.04
4.50 845.00 70.89 779.60 59.71 588.55 88.99
8.57 795.04 60.78 734.98 43.65 616.53 69.24
10.47 727.16 133.12 745.83 73.12 627.37 99.61
85 12.30 708.52 82.72 609.46 87.72 473.98 78.51
16.03 649.03 83.17 601.82 71.73 430.50 69.29
22.37 602.42 82.24 557.03 69.37 279.88 73.90
25.47 593.62 99.61 547.40 80.47 308.73 82.20
30.27 475.75 51.72 435.80 82.18 299.86 62.70

0.00 830.37 95.29 785.46 41.16 634.43 143.04
6.50 880.41 43.82 727.18 64.47 622.10 73.67
12.30 864.94 58.06 765.25 67.29 604.54 88.54
16.03 808.43 76.35 729.97 81.46 656.38 52.48
18.53 826.04 77.23 799.77 77.83 647.12 50.47
22.37 747.80 77.97 789.40 80.20 614.84 79.39
25.47 761.77 69.13 690.09 84.09 570.35 76.34
30.27 693.05 78.86 652.25 89.99 494.62 106.97

70

0.00 830.37 95.29 785.46 41.16 634.43 143.04
55 16.03 834.57 83.90 809.04 80.12 600.66 74.26
30.27 804.94 91.36 794.47 55.08 623.65 87.56

0.00 830.37 95.29 785.46 41.16 634.43 143.04
22 16.03 791.94 131.46 758.20 83.35 601.39 117.34
30.27 834.49 104.31 788.96 83.70 647.69 50.04
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Table B.14. Stress crack resistance data for the 1.5, 2.0, and 2.5mm geomembranes
at 85, 70, 55, and 22°C.

Temp. Ageing Stress crack resistance (hrs)
°C) time 1.5mm 2.0mm 2.5mm
(months)  Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 1431.77  186.33  1251.67  121.56 624.10 61.03
4.50 1326.50 185.66 1136.80 161.61 646.97 94.69
8.57 1385.05  195.13  1176.47  178.96 613.33 89.45
85 10.47 1184.33 178.71 082.13 145.75 540.87 72.65

16.03 865.03 117.89 822.10 97.90 548.70 55.86
22.37 502.47 72.03 700.03 99.47 447.83 63.84
25.47 481.30 60.53 640.40 81.92 487.43 53.58
30.27 411.39 59.95 581.83 66.60 454.03 56.06
0.00 1431.77  186.33 1251.67 121.56 624.10 61.03
70 16.03 1287.70 58.55 1263.97  186.59 667.87 95.44
30.27 1365.50  103.02  1324.57 122.42 657.70 61.15

0.00 1431.77  186.33  1251.67  121.56 624.10 61.03
55 16.03 1506.53  164.79  1335.87 88.88 628.40 80.51
30.27 1467.83  199.99  1208.33  160.99 658.57 72.32

0.00 1431.77  186.33 1251.67 121.56 624.10 61.03
22 16.03 1377.30  145.00 1233.13  164.97 668.93 79.43
30.27 149480  202.52 1200.27 144.34 640.10 39.88
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Figure B.1. Variation in In(OIT) with time for the 1.5, 2.0, and 2.5mm
geomembranes: (a) 85°C, (b) 55°C, and (c) 22°C.
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(c) break strength, and (d) break strain. Note: properties are plotted as
normalized to the initial value.
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APPENDIX C

DEPLETION OF ANTIOXIDANTS FROM AN HDPE

GEOMEMBRANE UNDER SIMULATED LANDFILL CONDITIONS

The results of the depletion of antioxidants from an HDPE geomembrane are

presented in Chapter 4. This appendix provides the additional results of the Chapter 4.

Table C.1. Concentrations of antioxidants® in the geomembrane tested.

Antioxidant type Concentration (ppm)
Irganox 1010 1620
Irganox 1076° <50
Irgafos 168 (PO3) 735
Irgafos 168 (PO,) 475

Analyzed at the Ciba® Testing Services, NY, USA
Trace amount was detected
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Table C.2. OIT data for the 2-month GLLS test at 70°C (G= beneath gravel contact;
BG=Dbetween gravel contacts).

Distance from GLLS Contact OIT (min)
inner wall (mm) type Average  Std-deviation
50 BG 65.23 3.69
95 G 71.68 6.88
105 G 61.38 7.79
180 BG 66.86 3.58
180 BG 64.67 1.01
205 G 60.44 0.12
210 BG 67.71 2.85
215 G 73.59 3.29
215 G 74.81 4.99
245 BG 65.77 6.40
250 BG 60.91 7.64
275 G 72.94 1.48

Table C.3. OIT data for the 5-month GLLS test at 85°C (G= beneath gravel contact;
BG=Dbetween gravel contacts).

Distance from GLLS Contact OIT (min)
inner wall (mm) type Average  Std-deviation
50 G 8.80 0.87
60 BG 9.26 0.70
100 G 8.84 2.17
160 G 9.19 1.67
190 BG 7.62 0.57
210 BG 9.35 1.49
220 G 9.35 1.09
230 BG 7.65 1.54
245 BG 7.06 0.16
250 G 8.09 2.14
255 BG 8.35 1.64
290 G 10.47 0.54
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Table C.4. OIT values for the beneath gravel contact and in between gravel contacts
locations along with the probability associated with the Student’s t-Test.

Ageing Beneath grave_l Between grave_l Probability
Temp. : contact OIT (min)  contacts OIT (min)  from the . a
(°C) time Student’s t- Ratio
(months) Avg.  Std-dev  Avg.  Std-dev "L
1.20 45.88 5.85 43.07 3.43 0.09 1.065
24.66 4.41 21.67 5.23 0.07 b
gs 300 o5grp (341 (23900 (2860 (0.07)0 -138(1.082)
4.92 9.11 1.57 8.28 1.32 0.08 1.100
8.59 1.99 0.37 1.77 0.52 0.16 1.124
2.02 69.14 7.35 65.19 4.56 0.06 1.061
70 4.32 36.69 4.69 33.53 4.93 0.06 1.094
5.92 25.89 4.30 22.76 5.23 0.06 1.138
12.75 9.72 2.65 8.32 3.04 0.15 1.168
4.32 95.85 5.56 92.76 5.83 0.13 1.033
55 8.05 80.35 4.67 77.82 4.50 0.11 1.033
12.75 69.47 6.93 66.31 4.79 0.12 1.048

®Ratio represents the ratio of OIT of beneath gravel contact and between gravel contact
locations.
®\/alue within the parenthesis represents data from a replicate test.
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Table C.5. OIT, crystallinity, and melt index (M1) data for the GLLS tests at 85°C.

Ageing time OIT (min) Crystallinity (%) MI (g/10min)
(months) Avg. Std-dev Avg. Std-dev Avg.  Std-dev
0.00 115.43 1.55 47.57 1.40 14.26 0.82
1.20 44.47 4.94 57.16 4.80 14.18 0.43
3.00 23.12 (24.89)°  5.02 (3.26)* 57.39 5.02 13.88 0.43
4.92 8.76 151 56.95 4.45 14.09 0.31
8.59 1.88 0.46 57.74 5.26 13.94 0.51

®Values within the parenthesis represent data from a replicate test.

Table C.6. OIT, crystallinity, and melt index (M) data for the GLLS tests at 70°C.

Ageing time OIT (min) Crystallinity (%) MI (g/10min)
(months) Avg. Std-dev Avg. Std-dev  Avg. Std-dev
0.00 115.43 1.55 47.57 1.40 14.26 0.82
2.02 67.17 6.35 55.67 3.16 14.28 0.37
4.32 35.11 5.00 55.54 3.26 14.05 0.50
5.92 24.37 4.96 55.40 2.75 14.12 0.30
12.75 9.02 2.90 55.72 3.31 14.25 0.53

Table C.7. OIT, crystallinity, and melt index (M) data for the GLLS tests at 55°C.

Ageing time OIT (min) Crystallinity (%) MI (g/10min)
(months) Avg. Std-dev Avg. Std-dev  Avg. Std-dev
0.00 115.43 1.55 47.57 1.40 14.26 0.82
4.32 94.40 5.82 54.05 3.22 14.22 0.52
8.05 79.08 4.70 55.37 3.26 14.06 0.58
12.75 67.89 6.08 54.37 4.21 14.33 0.40
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Table C.8. Machine direction tensile properties data at 85, 70, and 55°C in the

GLLS tests.
Temp Ageing Yield strength  Yield strain ~ Break strength  Break strain
°C) © time (KN/m) (%) (KN/m) (%)
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 26.69 086 2394 172 4599 527 82473 81.15
85 3.00 27.95 050 2924 230 46.64 4.08 78597 46.10
4.92 2785 066 2859 143 4387 9.47 800.85 113.36
8.59 26.80 0.70 3218 248 4499 051 824.73 18.20
0.00 26.69 086 2394 172 4599 527 82473 81.15
70 4.32 2790 0.63 2836 099 4705 203 83237 19.99
5.92 2798 054 29.14 148 4387 354 767.64 56.28
1275 2768 0.83 2888 168 4726 266 82546 41.12
0.00 26.69 086 2394 172 4599 527 82473 81.15
55 4.32 27.13 096 26.13 145 43.09 134 77850 12.86

8.05 2738 052 2597 094 4812 112 83552 18.03
12.75 2748 088 26.82 050 4352 512 791.15 94.84

Table C.9. Cross-machine direction tensile properties data at 85, 70, and 55°C in the

GLLS tests.
Temp Ageing Yield strength  Yield strain ~ Break strength  Break strain
°C) © time (KN/m) (%) (KN/m) (%)
(months) Avg. Std-dev Avg. Std-dev Avg. Std-dev Avg. Std-dev
0.00 28.95 048 1854 040 43.69 6.09 830.37 95.29
85 3.00 30.00 097 2397 123 4155 3.62 789.46 5522
4.92 29.06 097 2434 172 36.16 10.19 72443 122.01
8.59 2944 046 2548 1.04 4367 3.04 84210 48.75
0.00 28.95 048 1854 040 43.69 6.09 830.37 95.29
70 4.32 3066 059 2233 059 3897 532 778.65 84.78
5.92 3025 037 2256 110 3791 7.17 726.89 93.16
1275 2960 0.65 2377 131 40.00 405 76553 72.71
0.00 2895 048 1854 040 43.69 6.09 830.37 95.29
55 4.32 29.69 061 2092 132 4103 276 789.36 26.28

8.05 3011 093 19.89 014 40.71 277 776.33 29.38
12.75 2959 034 2146 136 40.65 5.19 780.04 103.66
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Figure C.1. Friction treatment of the GLLS. Note: Figure not to scale. GT=
geotextile, GM=geomembrane, GCL= geosynthetic clay liner.

302



o«

iBtgen'gfavel . 4 BeNeath Gravel o

- N ?op'ﬁc

t
il

..n-\\ -

Figure C.2. Photograph of the 5-month GLLS test at 85°C showing OIT sampling
locations encircled with solid (for beneath gravel contact) and dotted
lines (for between gravel contacts).

303



15 ! | Ll | Ll | Ll | Ll | Ll

©
I T
—o—
@
S
—e—
HO-
| |

OIT (min)
I
H@-
o
1

D
|
|
I
|

O Beneath gravel contact
3 ® Between gravel contacts .

0 1 | 1 | 1 | 1 | 1 | 1

0 50 100 150 200 250 300
Distance from GLLS Inner Wall (mm)

Figure C.3. Spatial variation of OIT for the 5-month GLLS test at 85°C. Note:
error bars indicate standard deviation of test results at each location.

304



6 T T T T T I ! I !

A GLLS
S O Leachate immersed

In (OIT) (min)

-1 1 | 1 | 1 | 1
0 3 6 9 12 15

Ageing Time (months)

Figure C.4. Variation in In(OIT) with time at 70°C for the GLLS and leachate
immersed geomembranes.

305



: A GLLS |
@M O Leachate immersed
(=N
4 %\ _
®\ ~

- D
— ~
é 3 = @' \§ .
= ~2
9 2 ™~ .
: b

0 5 10 15 20 25 30 35
Ageing Time (months)

Figure C.5. Variation in In(OIT) with time at 55°C for the GLLS and leachate
immersed geomembranes.

306



15

2 ¢ ¥ b
S 108 G G o
e
a
Z il
N A OIT
= 05¢f
S o MFI
5 3 o Crystallinity|.
= 5
3
0.0 1 I 1 I 1 I 1 I
0 3 6 9 12 15
Ageing Time (months)
(a)
15 ———
> ] g & b
L 108 & % 5
o £
a
= L il
()
o 05 L A Yield strength ||
S . . .
= o Yield strain
] L o  Break strength
Z <& Break strain
0.0 1 " 1 " 1 " 1 "
0 3 6 9 12 15
Ageing Time (months)
(b)
15 T T T T T T T
5 | L
S 108 % % -
e ==
a
- |
(6} "
N 05 | & Yield strength
g ' o Yield strain
5 O Break strength
Z ¢ Break strain
00 1 1 1 1 1 1 1 1
0 3 6 9 12 15
Ageing Time (months)
(©)

Figure C.6. Variation in (a) OIT, crystallinity, and MI; (b) machine direction
tensile properties; and (c) cross-machine direction tensile properties
with time at 70°C. Note: properties are plotted as normalized to the

initial value.

307



Normalized Property (-) Normalized Property (-)

Normalized Property (-)

1.5

1.0¢ i T -
3
4
05 r .
A OIT
o MFI
O  Crystallinity
0.0 1 1 1 1 1 1
0 3 6 9 12 15
Ageing Time (months)
(a)
1.5 T T T T T
* o
108 § % .
05 + A Yield strength
o Yield strain
©  Break strength
¢ Break strain
00 1 1 I 1 1 I
0 3 6 9 12 15
Ageing Time (months)
(b
15 T T T T
108 ;% % i
05 - A Yield strength
' o Yield strain
O  Break strength
¢ Break strain
0.0 1 1 1 1 1
0 3 6 9 12 15

Ageing Time (months)

(©)

Figure C.7. Variation in (a) OIT, crystallinity, and MI; (b) machine direction
tensile properties; and (c) cross-machine direction tensile properties
with time at 55°C. Note: properties are plotted as normalized to the
initial value.

308



APPENDIX D

PERMEATION OF BTEX THROUGH UNAGED AND AGED HDPE

GEOMEMBRANES

Chapter 5 describes the results of the permeation of BTEX through unaged and
aged HDPE geomembranes. This appendix presents the supplementary results of Chapter
5. Partitioning experiments were conducted using 250 mL glass serum bottles equipped
with screw-tight Teflon lined caps (Figure D.la). Diffusion tests were performed in
double compartment glass cells with the source (70 mm diameter x 100 mm high) and
receptor (70 mm diameter x 30 mm high) reservoirs separated by the geomembrane as

shown in Figure D.1c.

D.1. CALCULATION OF EQUIVALENT AGEING TIMES AT 20 AND 35°C

The calculation procedure described in this section is based on the three-stage
degradation model proposed by Hsuan and Koerner (1998). According to this model, the
service life of HDPE geomembrane is considered to be the addition of the durations of
the following three stages: Stage I-depletion of antioxidants, Stage Il-induction time to
onset of polymer degradation, and Stage IlI-degradation to failure. Table D.1 shows the

durations of the three stages at 85°C for both geomembranes GM1 and GM2,

D.1.1. Prediction of Time to Complete Stage |

The depletion of antioxidants (Stage 1) is normally evaluated using the

following equation (Hsuan and Koerner 1998):
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OIT; =OITy e St (D.1)

where OIT; is the OIT remained at any time t (min), OIT, is the initial OIT (min), s is the
antioxidant depletion rate (month™), t is the time (month). The antioxidant depletion rate
at a temperature of interest, s, is generally evaluated using the following Arrhenius

equation (Hsuan and Koerner 1998):
s = Ae (Ea/(RT)) (D.2)

where E, is the activation energy (J.mol™), R is the universal gas constant (8.314 J.mol
LK™, T is the absolute temperature (K), and A is a constant often called the collision
factor. The parameters of the Arrhenius equation (i.e., E; and A) are normally evaluated
from the plot of In(s) vs. (1/T) drawn for at least three temperatures. Using the data
presented in Chapter 2, the antioxidant depletion rates were calculated to be 0.0086 and
0.03 month™, respectively at 20 and 35°C for the geomembrane GM1. Similarly, for the
geomembrane GM2, the antioxidant depletion rates were calculated to be 0.0104 and
0.0351 month™, respectively at 20 and 35°C using the data presented in Chapter 3.
Knowing the antioxidant depletion rates and initial OIT values (Chapter 5, Table 5.1), the
time required for the depletion of antioxidants (i.e., duration of Stage I) was calculated by

using Equation (D.1) and are presented in Table D.2.
D.1.2.  Prediction of Time to Complete Stage Il

The duration of Stage Il is generally predicted using the Arrhenius time-

temperature relationship as shown in the following:
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where £ is the duration of Stage Il (years) and other parameters (A, E,, R, and T) have
already been defined. The parameters of the Arrhenius equation for Stage Il (i.e., E4 and
A) are normally evaluated from the plot of In(1/¢) vs. (1/T) for experimental data obtained
at different temperatures. Figure D.2 shows the Arrhenius plot of Stage Il for the
geomembrane GML1 together with the Arrhenius equation. The activation energy for
Stage 11 was calculated to be 30.84 kJ.mol™. There was not sufficient data to calculate
activation energy for GM2 [Stage Il completed only at 85°C in the laboratory
experiments (Chapter 3)]; therefore, the activation energy of 75 kJ.mol™ used by Viebke

et al. (1994) for air-water exposed polyethylene pipe was used for GM2.

The equivalent durations of Stage Il were calculated from the following
equations together with the respective Stage Il times at 85°C (Table D.1) and E, values

for both geomembranes:

S E
% _ oy ?a(;;} 04
S 85
S85
é :s—)( 585 (D5)

where T is the extrapolation temperature (K), Tgs= 85°C = 358K, st and stgs are the

reaction rates of Stage Il, respectively at temperatures T and Tgs, & is the Stage Il time
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(years) at temperature T, and &s is the Stage |1 time at 85°C (years). Table D.2 shows the

calculated equivalent duration of Stage Il times for both geomembranes.

D.1.3.  Prediction of Time to Complete Stage IlI

There was no sufficient data available to calculate activation energy for Stage
111 for both geomembranes. The duration of Stage 111 was calculated from the following
equation using the laboratory data at 85°C (Table D.1) and the activation energy of 80
kJ.mol™ used by Viebke et al. (1994) for air-water exposed polyethylene pipe together

with Equation (D.4).

L=-8x) (D.6)

where A is the Stage I11 time (years) at temperature T and for GM1, Ags is the Stage 111
time (years) at 85°C. Table D.2 shows the calculated equivalent durations of Stage 111 at

20 and 35°C for both geomembranes.

D.2. EQUIVALENT AGEING TIMES

The total equivalent durations were calculated by adding the durations of
Stages I, Il, and Ill together (Table D.2). It can be seen that the equivalent ageing
durations at 20°C were 65-200 years for samples aged for 10-13 months and 440-685
years for samples aged for 25-32 months at 85°C. At 35°C the equivalent ageing
durations were estimated to be 20-45 years for samples aged for 10-13 months and 100-

145 years for samples aged for 25-32 months at 85°C.
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Table D.1. Durations of different stages for the two geomembranes tested at 85°C.

Geomembrane Ac(tjual a_geing Duration in different stages (months)
type (rﬁgittll?sr,]) Stage | Stage 11 Stage I
13-month GM1 12.87 4.37 8.5 0
32-month GM1 31.53 4.37 15.7 11.46
10-month GM2 10.47 4.5 4.07 1.9
25-month GM2 25.47 4.5 4.07 16.9

Table D.2. Approximate equivalent ageing durations for the two geomembranes at
20 and 35°C.

Equivalent ageing Equivalent ageing
Geomembrane duration at 20°C (years) duration at 35°C (years)
type Stage Stage Stage Total* Stage Stage Stage
| I 1l | I 1l

Total*

13én':/(l)£1th 57 7 0 65 6 4 ; "
32&”,:,??“ 57 13 372 440 16 7 75 100
10&”,:,??“ 45 91 62 200 13 20 12 45
ZSE;nl:/(l); " 45 91 549 685 13 20 111 145

* Rounded to nearest 5 years
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Table D.3. Benzene, toluene, ethylbenzene, m&p-xylenes, and o-xylene data during partitioning tests on the geomembrane
GML1.

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev.  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg.  Std-dev
0.00 2580 40 2540 66 2203 60 2016 28 2333 28
0.54 2347 32 2061 84 1366 33 1129 29 1493 36

1.13 2270 17 1908 37 1212 11 847 22 1306 18
2.29 2115 27 1551 45 947 16 726 22 1097 22
4.08 1962 26 1447 50 793 13 603 33 887 10
7.13 1832 22 1323 42 617 25 464 23 723 21
0 11.04 1625 63 1217 29 529 19 444 102 630 20
19.17 1574 19 967 25 396 58 302 23 513 30
32.04 1522 20 1040 90 485 15 363 18 560 124
43.08 1445 20 1004 27 463 16 363 15 537 15
57.00 1496 31 942 23 419 12 302 21 443 20
73.13 1419 136 914 45 420 106 343 102 513 17
87.04 1496 126 992 80 463 18 302 14 467 117

0.00 2492 40 2507 48 2235 43 1959 63 2229 38
0.50 2317 43 2180 65 1498 31 1274 20 1561 28
0.96 2243 33 2054 43 1319 17 1136 15 1382 24

2.04 2168 25 1880 42 1073 17 921 20 1159 14

13 4.13 2018 17 1655 40 961 13 745 93 1003 23
6.96 1968 19 1553 30 738 32 549 24 736 27

10.08 1844 35 1454 95 671 12 529 17 691 69

20.00 1669 24 1250 29 492 61 451 22 557 17

35.13 1645 20 1119 27 536 21 451 18 557 15

44.96 1595 24 1203 99 514 18 400 28 535 21
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Table D.3. (continued)

Ageing Sampling

Contaminant concentration (ppb)

time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev
55.04 1570 89 1156 24 492 16 372 23 513 21
13 70.08 1520 23 1127 20 469 53 411 111 535 12
85.13 1595 86 1177 85 514 16 372 14 490 83
0.00 2558 24 2530 45 2177 35 2094 44 2276 45
0.50 2430 26 2302 39 1633 27 1571 17 1776 30
0.96 2379 38 2150 55 1458 25 1403 33 1616 29
2.04 2328 24 1973 21 1350 28 1194 23 1411 69
4.13 2225 24 1897 23 1045 21 984 19 1161 21
6.96 2174 19 1847 71 892 70 900 73 1047 23
32 10.08 2123 33 1543 21 805 21 796 22 956 19
20.00 1920 22 1442 35 651 19 544 73 660 79
35.13 1893 77 1315 58 609 27 565 21 706 24
44.96 1765 26 1341 26 533 27 562 18 592 26
55.04 1816 29 1315 24 544 88 482 81 637 24
70.08 1791 12 1290 25 588 20 524 20 637 21
85.13 1845 81 1341 24 588 15 544 27 615 74
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Table D.4. Benzene, toluene, ethylbenzene, m&p-xylenes, and o-xylene data during partitioning tests on the geomembrane
GM2.

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev.  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg.  Std-dev
0.00 2606 70 2490 71 2184 34 2088 41 2307 43
0.50 2372 28 2117 43 1420 38 1462 30 1569 24
0.96 2268 25 1992 26 1213 20 1086 24 1361 22

2.04 2189 24 1818 27 983 20 898 40 1107 25

4.13 2059 34 1669 22 874 69 752 23 992 30

6.96 1972 85 1544 30 699 27 626 67 854 59

0 10.08 1694 69 1270 83 524 25 438 70 600 74
20.00 1669 87 1245 66 491 67 397 25 577 22

35.13 1645 50 1146 29 480 68 418 27 588 70

44.96 1690 63 1170 29 434 60 459 79 588 27

55.04 1564 27 1245 63 479 63 397 28 491 66

70.08 1548 84 1170 30 462 57 438 25 542 20

85.13 1616 37 1217 86 442 49 376 72 481 69

0.00 2571 28 2477 50 2205 37 2027 30 2291 36
0.50 2417 26 2205 25 1544 30 1358 21 1627 27
0.96 2340 28 2106 35 1345 29 1196 30 1489 19
2.04 2237 22 1932 23 1125 21 1054 25 1237 25

10 4.13 2186 86 1833 28 992 21 932 27 1077 23
6.96 2057 22 1660 76 816 72 750 71 935 65

10.08 1848 80 1412 85 611 77 527 71 716 63

20.00 1778 80 1387 27 573 33 476 65 617 46

35.13 1726 61 1263 62 551 27 486 70 630 78

44.96 1740 72 1313 32 507 72 507 27 642 78
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Table D.4. (continued)

Ageing Sampling

Contaminant concentration (ppb)

time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev

55.04 1721 45 1288 75 562 27 486 72 619 68

10 70.08 1723 78 1243 95 529 32 517 29 596 24
85.13 1754 55 1313 29 551 60 476 66 566 48

0.00 2569 55 2437 92 2184 103 2032 40 2261 53

0.54 2445 52 2218 29 1638 35 1504 50 1764 30

1.00 2421 39 2144 59 1485 87 1381 35 1652 62

2.17 2258 61 2023 27 1311 40 1238 34 1333 31

3.96 2238 53 1925 44 1158 81 1082 75 1176 49

o5 7.21 2158 32 1777 66 1028 39 955 39 973 52
10.96 2186 79 1730 36 765 50 669 30 991 44

21.04 1918 31 1416 32 744 49 585 54 814 S7

34.96 1976 42 1389 30 592 25 528 71 655 40

45.92 1849 39 1496 72 618 35 569 27 633 38

56.04 1877 97 1389 33 567 81 585 56 711 39

72.92 1855 46 1462 49 574 34 510 57 634 47
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Table D.5. Benzene, toluene, ethylbenzene, m&p-xylenes, and o-xylene data in the source compartment during diffusion tests
on the geomembrane GM1.

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev.  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg.  Std-dev
0.00 2519 37 2436 63 2171 34 2021 29 2319 45
0.54 2368 24 2168 49 1628 25 1354 29 1762 14
1.13 2318 32 1999 34 1411 27 1253 20 1646 32
2.29 2242 30 1876 38 1259 16 1031 17 1438 27

4.08 2134 25 1754 20 955 17 869 26 1044 21

7.13 2041 27 1585 35 912 107 707 19 1020 18

0 11.04 1940 26 1510 73 782 15 627 118 928 15
19.17 1688 29 1146 31 586 19 424 21 673 130

32.04 1612 11 1009 33 499 16 303 20 580 35

43.08 1436 94 976 24 391 18 344 22 441 19

57.00 1436 21 883 25 326 94 303 22 487 24

73.13 1234 95 853 93 392 10 243 117 348 21

87.04 1311 11 755 88 347 15 263 17 417 94

0.00 2447 89 2516 48 2195 58 2014 o1 2308 21
0.50 2348 37 2290 49 1712 36 1491 27 1870 28
0.96 2227 20 2189 21 1580 27 1370 29 1708 26
2.04 2275 20 2038 23 1405 25 1249 24 1500 19
4.13 2105 93 1862 27 1142 16 1088 48 1223 10

13 6.96 2056 12 1812 83 1053 22 927 25 1177 22
10.08 2031 25 1711 20 944 21 725 112 1039 126
20.00 1787 18 1485 20 702 27 645 11 762 15
35.13 1713 22 1258 25 615 86 524 26 716 33
44.96 1543 20 1208 22 483 14 403 19 554 Il
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Table D.5. (continued)

Ageing Sampling

Contaminant concentration (ppb)

time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev
55.04 1591 90 1082 114 505 14 443 89 577 22
13 70.08 1419 16 1032 21 461 28 322 11 508 30
85.13 1443 101 931 107 373 113 302 20 439 98
0.00 2527 33 2449 61 2185 33 2088 43 2290 46
0.50 2452 36 2328 60 1835 40 1734 31 1923 30
0.96 2426 24 2231 26 1704 29 1649 18 1810 39
2.04 2401 37 2131 58 1573 18 1483 25 1763 17
4.13 2301 42 2009 32 1398 21 1294 28 1534 23
6.96 2248 19 1836 28 1202 19 1106 20 1283 76
32 10.08 2148 19 1760 38 1180 73 1061 51 1169 22
20.00 2098 30 1667 27 938 46 772 42 1053 27
35.13 1871 92 1410 61 808 51 731 42 869 23
44.96 1895 77 1396 32 634 20 647 48 711 67
55.04 1741 70 1297 24 655 27 542 28 730 69
70.08 1693 65 1202 30 590 50 501 61 641 24
85.13 1719 48 1102 82 504 78 438 60 550 80
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Table D.6. Benzene, toluene, ethylbenzene, m&p-xylenes, and o-xylene data in the receptor compartment during diffusion tests
on the geomembrane GM1.

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev.  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg.  Std-dev
0.00 0 0 0 0 0 0 0 0 0 0
0.54 0 0 0 0 0 0 0 0 0 0
1.13 0 0 0 0 0 0 0 0 0 0
2.29 0 0 0 0 0 0 0 0 0 0
4.08 0 0 0 0 0 0 0 0 0 0
7.13 0 0 0 0 0 0 0 0 0 0
0 11.04 0 0 29 6 0 0 0 0 12 2
19.17 176 17 196 14 109 15 61 9 70 13
32.04 504 19 414 53 217 14 141 9 186 16
43.08 579 17 463 16 261 20 162 13 255 55
57.00 631 10 535 21 239 14 202 8 301 18
73.13 756 47 609 62 326 67 243 78 348 17
87.04 892 99 633 17 326 12 222 18 325 111
0.00 0 0 0 0 0 0 0 0 0 0
0.50 0 0 0 0 0 0 0 0 0 0
0.96 0 0 0 0 0 0 0 0 0 0
2.04 0 0 0 0 0 0 0 0 0 0
13 4.13 0 0 0 0 0 0 0 0 0 0
6.96 0 0 0 0 0 0 0 0 0 0
10.08 0 0 0 0 0 0 10 3 5 3
20.00 98 16 126 19 66 10 40 11 46 12
35.13 269 30 352 39 176 10 141 12 162 60
44.96 391 15 428 20 219 12 141 55 185 8
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Table D.6. (continued)

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev
55.04 441 18 503 13 198 12 181 15 254 13
13 70.08 612 22 629 23 263 44 222 7 289 29
85.13 710 71 679 101 307 11 242 61 323 113
0.00 0 0 0 0 0 0 0 0 0 0
0.50 0 0 0 0 0 0 0 0 0 0
0.96 0 0 0 0 0 0 0 0 0 0
2.04 0 0 0 0 0 0 0 0 0 0
4.13 0 0 0 0 0 0 0 0 0 0
6.96 0 0 0 0 0 0 0 0 0 0
32 10.08 0 0 0 0 0 0 0 0 0 0
20.00 40 8 73 17 27 6 17 4 21 4
35.13 126 13 245 25 113 22 87 10 69 18
44.96 278 21 342 22 174 20 139 14 159 25
55.04 354 27 393 33 228 23 185 27 183 19
70.08 431 13 564 20 290 27 241 18 252 19
85.13 556 15 661 17 335 16 282 22 298 29
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Table D.7. Benzene, toluene, ethylbenzene, m&p-xylenes, and o-xylene data in the source compartment during diffusion tests
on the geomembrane GM2.

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev.  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg.  Std-dev
0.00 2523 29 2505 50 2181 46 2010 23 2273 27
0.50 2397 32 2255 28 1636 27 1407 28 1750 30
0.96 2321 19 2155 28 1463 32 1186 21 1637 36
2.04 2245 30 2004 33 1255 78 1096 87 1409 24

4.13 2194 26 1904 24 1136 23 965 21 1273 25

6.96 2095 24 1807 82 961 26 724 67 1162 56

0 10.08 1839 58 1528 74 721 99 653 38 796 94
20.00 1741 69 1403 23 590 29 549 42 727 23

35.13 1698 35 1228 22 553 37 469 77 523 20

44.96 1489 41 1073 64 466 81 402 90 546 28

55.04 1518 90 1027 49 393 29 322 59 500 62

70.08 1438 27 1022 70 371 26 342 20 409 59

85.13 1312 86 949 99 415 70 361 54 409 81

0.00 2592 29 2496 33 2172 28 2035 76 2289 29
0.50 2462 36 2296 24 1694 24 1546 21 1831 21
0.96 2445 37 2221 26 1542 24 1384 26 1717 25
2.04 2384 27 2122 27 1369 28 1282 28 1556 30
4.13 2333 27 2022 27 1303 26 1119 30 1419 22

10 6.96 2255 30 1897 22 1117 78 997 22 1259 37
10.08 2069 60 1672 83 869 30 715 73 974 94
20.00 1970 28 1523 84 760 23 657 110 837 33
35.13 1892 29 1423 21 641 81 556 73 638 83
44.96 1736 63 1273 62 598 41 561 38 643 27
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Table D.7. (continued)

Ageing Sampling

Contaminant concentration (ppb)

time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev

55.04 1762 33 1248 24 463 91 448 25 695 96

10 70.08 1685 25 1189 55 449 77 454 39 524 53
85.13 1581 75 1106 80 478 74 436 44 549 72

0.00 2572 74 2442 80 2187 29 2067 37 2256 44

0.54 2564 28 2295 27 1837 55 1692 34 1944 44

1.00 2425 47 2246 36 1685 77 1551 51 1853 49

2.17 2376 26 2077 63 1577 49 1488 41 1672 38

3.96 2328 67 2011 28 1352 28 1342 36 1464 36

o5 7.21 2275 78 1977 32 1204 66 1281 65 1445 38
10.96 2251 44 1930 32 1211 39 933 45 1289 34

21.04 2110 30 1636 60 873 26 807 24 944 61

34.96 2032 46 1602 90 853 53 706 68 883 36

45.92 1877 65 1537 48 743 37 689 50 766 38

56.04 1881 39 1532 92 721 31 684 42 723 36

72.92 1746 60 1385 100 568 59 516 69 742 38

324



Table D.8. Benzene, toluene, ethylbenzene, m&p-xylenes, and o-xylene data in the receptor compartment during diffusion tests
on the geomembrane GM2.

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev.  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg.  Std-dev

0.00 0 0 0 0 0 0 0 0 0 0

0.50 0 0 0 0 0 0 0 0 0 0

0.96 0 0 0 0 0 0 0 0 0 0

2.04 0 0 0 0 0 0 0 0 0 0

4.13 0 0 0 0 0 0 0 0 0 0

6.96 0 0 0 0 0 0 0 0 0 0

0 10.08 21 11 28 16 17 7 14 6 16 5
20.00 126 16 175 20 76 21 80 15 68 19

35.13 345 40 367 57 242 40 201 19 250 68

44,96 414 58 414 80 284 45 198 72 251 46

55.04 481 63 601 27 273 43 221 23 275 47

70.08 716 97 675 83 317 19 241 27 364 22
85.13 807 84 710 81 306 62 308 69 341 30

0.00 0 0 0 0 0 0 0 0 0 0

0.50 0 0 0 0 0 0 0 0 0 0

0.96 0 0 0 0 0 0 0 0 0 0

2.04 0 0 0 0 0 0 0 0 0 0

10 4.13 0 0 0 0 0 0 0 0 0 0
6.96 0 0 0 0 0 0 0 0 0 0

10.08 10 4 17 5 0 0 0 0 0 0

20.00 78 15 150 25 87 22 81 23 34 12
35.13 190 45 224 47 174 25 120 54 132 45
44.96 337 27 407 93 173 31 170 11 189 86
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Table D.8. (continued)

Ageing Sampling Contaminant concentration (ppb)
time time Benzene Toluene Ethylbenzene m&p-Xylenes 0-Xylene
(months)  (days) Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev  Avg. Std-dev
55.04 410 74 457 46 231 30 174 51 249 22
10 70.08 529 106 607 85 248 46 275 22 320 62
85.13 594 53 657 87 279 23 251 35 343 23
0.00 0 0 0 0 0 0 0 0 0 0
0.54 0 0 0 0 0 0 0 0 0 0
1.00 0 0 0 0 0 0 0 0 0 0
2.17 0 0 0 0 0 0 0 0 0 0
3.96 0 0 0 0 0 0 0 0 0 0
o5 7.21 0 0 0 0 0 0 0 0 0 0
10.96 0 0 44 21 0 0 0 0 0 0
21.04 23 11 83 29 22 11 12 4 10 3
34.96 132 29 147 39 107 35 62 19 47 17
45.92 154 38 245 49 156 21 94 24 95 34
56.04 259 50 263 42 156 36 129 21 115 27
72.92 464 95 411 71 241 43 133 42 273 78
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Figure D.1. Schematic of test cells.
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Equation of regression line
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Activation energy, E, = 30. 84 kJ.mol™
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Figure D.2. Arrhenius plot of Stage 11 for GM1 based on tensile break strain.
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Figure D.3. Control tests: variation in observed and modeled concentrations of
benzene, toluene, m&p-xylenes, and o-xylene with time during (a)
partitioning tests and (b) diffusion tests.
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APPENDIX E

LANDFILL LINER TEMPERATURE HISTORY AND ITS IMPACT

ON THE SERVICE LIFE OF HDPE GEOMEMBRANES

The service lives of different HDPE geomembranes are described in Chapter 6
based on the time-temperature history of landfill liners. This appendix presents the

supplementary information of Chapter 6.

The three stages of HDPE geomembranes service life is conceptually described
by Hsuan and Koerner (1998) as shown in Figure E.1. The Arrhenius parameters used to
calculate antioxidant depletion time (Stage 1) described in Chapter 6 are shown in Table
E.1. Stage Il completion time in laboratory experiments at 85°C for the geomembranes
examined in Chapter 6 are shown in Table E.2. These times together with the activation
energy of 75 kJ.mol™ as reported by Viebke et al. (1994) for air water exposed
polyethylene pipe were used to calculate Stage Il of the geomembranes service lives. The
exception was for GM3 for which a two point Arrhenius approximation (Appendix D,
Figure D.1) was used to calculate Arrhenius parameters (i.e., E4 and A), because Stage |1
completed at 85 and 70°C in laboratory experiments (Table E.2) for this geomembrane.
Table E.3 shows Stage Il completion time and the time in Stage Ill at laboratory
experiments for the same geomembranes for which Stage 11 was calculated. These times
together with the activation energy of 80 kJ.mol™ as reported by Viebke et al. (1994) for

air water exposed polyethylene pipe were used to calculate Stage Il component of the
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geomembranes service lives. The service life of the geomembranes was calculated by

adding the durations of the three stages together.

Table E.1. Arrhenius properties of Stage | (antioxidant depletion time).

Geomembrane Arrhenius properties

type E.(kImol™)  In(A) (month™) Reference

a

GMla 58.90 19.85 Rowe and Rimal (2008)
GM1b 58.90 19.85 Rowe and Rimal (2008)
GM2 44.10 14.09 Rimal (2008)
GM3 63.05 21.08 Chapter 2, Appendix A
GM4a 60.73 20.37 Chapter 3
GM4b 79.74 26.21 Chapter 4
GM5 59.89 19.82 Chapter 3
GM6 60.24 19.78 Chapter 3

Table E.2. Stage Il completion time in laboratory experiments at 85°C.

Stage Il completion time in
Geomembrane laboratory experiments (months)

type Tensile break Stress crack Reference
strain resistance

GM2 17.7 6.40 Rimal (2008)
GM3 15.7 (24.7%) Chapter 2, Appendix A
GMda 4.07 4.07 Chapter 3
GM4h® 4.07 4.07 Chapter 3
GM5 4,90 4,90 Chapter 3
GM6 3.97 3.97 Chapter 3

#Stage 11 completion time at 70°C.
®No data available for Stage 11 time in the laboratory experiments. The reported times are
based on the geomembrane and testing condition for the geomembrane GM4a.
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Table E.3. Stage 11l time in laboratory experiments at 85°C. Note: Stage 111 was
completed for some geomembranes at 85°C; however, some geomembranes were
still in Stage 111 at 85°C at the time of writing.

Stage 111 time in laboratory

Geomembrane experiments (months

type Tensile Ereak (Stress c)rack Reference

strain resistance

GM2* 35 21.3 Rimal (2008)
GM3? 21.93 Chapter 2, Appendix A
GM4a" 21.7 21.7 Chapter 3
GM4b° 21.7 21.7 Chapter 3
GM5® 19.8 19.8 Chapter 3
GMe® 15.53 19.8 Chapter 3

%The time represents Stage 111 completion time.

®The time represents the time in Stage III.

‘No data available for Stage 111 time in the laboratory experiments. The reported times are
based on the geomembrane and testing condition for the geomembrane GM4a.

®The time for tensile break strain represents Stage 111 completion time and the time for
stress crack resistance represents the time in Stage Il1.

332



Table E.4. Temperature variation at three elevations in the Tokyo Port Landfill,
Japan [data based on Yoshida and Rowe (2003)].

At the liner 2.5 m above the liner 8.5 m above the liner
Time Temp. Time Temp. Time Temp.
(yrs) {9 (yrs) (C) (yrs) (C)

0.0 15.0 7.3 48.2 7.3 60.8
0.1 15.0 7.4 49.0 7.4 61.7
0.1 34.8 7.7 49.0 7.7 61.0
0.3 34.3 8.4 48.8 8.4 58.0
0.3 37.7 8.7 48.5 8.7 53.5
0.5 36.0 8.9 49.0 8.9 54.8
6.0 43.3 9.2 48.5 9.2 55.3
7.0 441 9.7 48.5 9.7 55.4
8.0 45.0 10.3 50.0 10.3 56.4
9.0 45.2 10.7 47.3 10.7 53.0
10.0 455 11.3 48.0 11.3 53.3
11.0 455 11.7 47.9 11.7 52.8
12.0 45.3 12.3 44.6 12.3 495
13.0 45.2 12.7 48.4 12.7 50.5
14.0 44.8 13.3 46.2 13.3 48.7
15.0 44.3 14.0 45.3 14.0 47.0
16.0 43.8 14.2 45.1 14.2 46.5
17.0 43.0 15.5 44.2 15.5 45.0
30.0 30.0 16.4 43.7 16.4 435

17.2 44.2 17.2 45.0

17.4 42.5 17.4 41.8

18.0 42.2 18.0 415

18.3 40.3 18.3 41.0

19.1 40.8 19.1 40.3

19.5 40.7 19.5 40.0
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Table E.5. Temperature variation at the dry and wet cells of the Philadelphia, USA
landfill [data based on Koerner et al. (2008)].

Dry cell Wet cell
Time Temp. Time Temp.
(yrs) (C) (yrs) (C)
0.08 20.00 0.27 26.60
0.11 22.00 0.33 27.20
0.26 20.00 0.42 24.60
0.34 23.00 0.50 24.00
0.55 19.50 0.60 25.40
0.68 20.55 0.67 26.60
0.82 20.50 0.77 26.60
0.96 19.00 0.86 26.40
1.10 20.50 0.94 26.60
1.23 19.50 1.01 27.60
1.40 20.50 1.09 26.00
1.53 23.00 1.16 30.40
1.64 22.00 1.25 30.60
1.85 19.50 1.33 31.60
2.05 18.00 1.42 30.40
2.19 17.00 1.52 31.00
2.25 18.00 1.61 30.00
2.47 21.00 1.70 30.40
2.74 21.00 1.78 29.00
2.88 19.80 1.85 29.80
3.15 19.50 1.93 30.80
3.29 19.50 2.02 30.60
3.56 20.00 2.12 35.80
3.84 22.50 2.18 32.00
3.92 21.00 2.27 39.00
4.11 19.80 2.38 38.00
4.19 19.50 2.49 36.60
4.38 20.50 2.71 38.20
4.66 20.00 2.88 41.20
4.90 21.50 2.98 42.20
5.07 20.00 3.11 42.00
5.34 20.50 3.19 44.40
5.67 25.00 3.36 43.40
5.75 27.50 3.40 42.00
5.89 32.50 3.52 39.60
6.03 29.00 3.56 40.40
6.19 28.00 3.65 41.00
6.30 27.00 3.75 40.60
6.63 30.80 3.82 42.80
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Table E.5. (continued)

Dry cell Wet cell
Time Temp. Time Temp.
(yrs) (C) (yrs) (C)
6.85 29.00 3.88 44.00
6.89 25.50 3.94 44.80
6.99 30.50 4.04 48.00
7.12 28.00 4.17 43.00
7.34 27.00 4.26 41.40
7.40 31.50 4.34 40.00
7.64 32.50 4.46 39.20
7.73 32.00 4,53 39.20
7.95 31.50 4.59 41.00
8.16 29.00 4.74 42.00
8.22 31.50 4.79 43.00
8.36 30.00 4.91 44.00
8.49 32.00 4.96 41.20
8.71 31.80 5.12 53.00
8.82 32.00 5.18 52.40
8.90 31.00 5.27 48.80
9.04 32.00 5.39 48.80
9.32 33.00 5.54 48.00
9.45 33.50 5.63 46.60
9.62 34.50 5.70 48.00
9.81 31.50 5.81 50.00
9.97 32.00 5.87 48.80
10.14 32.20 5.94 48.00
10.27 34.00
10.33 32.80
10.44 33.00
10.68 32.00
10.73 31.00
10.84 32.00
10.96 32.80
11.03 30.30
11.12 30.00
11.28 30.80
11.32 32.00
11.53 30.00
11.64 29.00
11.73 32.00
11.80 30.00
11.94 30.50
12.03 32.00
12.10 30.00
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Table E.5. (continued)

Dry cell Wet cell
Time Temp. Time Temp.
(yrs) (C) (yrs) (C)
12.21 30.60
12.33 30.60
12.44 30.00
12.56 29.40
12.62 30.80
12.72 27.00
12.78 24.00
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Table E.6. Temperature variation at two locations for an ashfill in Ingolstadt,
Germany [data based on Klein et al. (2001)].

At the liner 6 m above the liner
Time Temp. Time Temp.
(yrs) (C) (yrs) (C)
0.13 20.00 0.48 21.20
0.13 18.00 0.49 27.50
0.14 16.00 0.50 32.50
0.17 18.00 0.50 36.00
0.18 20.00 0.52 37.50
0.20 22.00 0.53 40.00
0.21 22.50 0.53 42.00
0.25 23.00 0.54 44.20
0.29 24.00 0.55 47.50
0.33 26.00 0.56 50.80
0.38 26.50 0.60 66.00
0.42 27.00 0.61 72.00
0.46 27.50 0.62 73.50
0.54 27.80 0.62 75.00
0.60 27.00 0.63 77.00
0.62 28.50 0.65 82.00
0.65 28.00 0.71 85.00
0.74 30.00 0.78 85.50
0.78 30.00 0.83 85.00
0.81 31.00 0.87 85.50
0.87 32.00 0.90 85.00
0.92 32.50 0.94 84.00
0.96 33.00 0.98 83.00
1.03 34.50 1.03 81.50
1.09 35.50 1.08 80.20
1.13 37.50 1.13 79.00
1.14 36.50 1.14 78.00
1.17 38.00 1.18 77.00
1.21 38.00 1.23 76.50
1.25 39.00 1.28 76.00
1.29 40.00 1.32 75.00
1.34 40.20 1.37 74.00
1.38 41.50 1.39 73.00
1.39 42.00 1.43 72.00
1.42 43.00 1.50 70.00
1.46 43.00 1.53 68.00
1.50 46.50 1.55 66.50
1.53 45.00 1.61 65.00
1.58 46.00 1.64 63.50
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Table E.6. (continued)

At the liner 6 m above the liner
Time Temp. Time Temp.
(yrs) (C) (yrs) (C)
1.63 45.50 1.68 62.50
1.67 45.00 1.75 61.00
1.71 45.00 1.79 60.00
1.75 45.00 1.83 58.00
1.79 45.00 1.88 57.00
1.83 45.20 1.96 55.50
1.88 45.00 2.00 55.00
1.92 44,50 2.05 54.50
1.96 44.00 2.12 54.00
2.03 43.70 2.17 54.50
2.07 43.50 2.23 54.70
2.08 43.00 2.29 55.00
2.13 43.00 2.37 55.00
2.20 42.50 2.43 55.00
2.25 42.50 2.48 55.50
2.29 43.00 2.50 55.00
2.37 43.00 2.54 54.20
2.39 43.00 2.61 52.50
2.42 43.00 2.70 50.00
2.46 42.00 2.73 48.50
2.52 41.50 2.75 47.50
2.55 40.20 2.80 46.00
2.61 40.10 2.86 44.50
2.64 40.00 2.88 44.00
2.71 40.00 2.92 43.00
2.79 40.00 2.97 42.50
2.88 40.00 3.03 42.50
2.96 39.20 3.15 43.00
3.04 39.00 3.09 43.30
3.12 38.50
3.15 38.30
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Table E.7. Variation in temperature and leachate head at four locations in the Keele
Valley Landfill to Dec 2006 [Data courtesy of City of Toronto; Modified from Rowe
(2005) with additional data added].

Temperature (°C) Leachate head (m)

Year Stagel Stage2 Stage3 Stage4 Stagel Stage2 Stage3 Stage 4
Lys.3 Lys.7 Lys.14B Lys.16A Lys.3 Lys.7 Lys14B Lys16A

1984 0.09

1985 8.71 0.47

1986  10.53 0.76

1987 12.24 1.24 0.71

1988 12,61 10.16 1.16 0.80

1989 1336 9.14 1.21 0.94

1990 1417  9.80 6.63 0.99 1.20 0.23

1991 1443 1053 10.01 6.85 1.16 0.86 0.19 0.13
1992 1544 1113  11.13 7.39 1.39 1.09 0.17 0.49

1993 1933 1254 11.23 9.74 3.12 1.78 0.11 0.38
1994 2583 1429 1128 11.63 4.27 2.28 0.14 0.18
1995 2958 1655 1181  12.83 5.03 2.46 0.04 0.06
1996 32,57 1899 1190 14.23 5.63 3.22 0.06 0.02
1997 3417 2093 1260 14.80 5.88 4.63 0.04 0.00
1998 35.17 2395 1341  15.68 6.46 5.19 0.07 0.01
1999 36.83 2659 1462 17.08 6.57 4.18 0.24 0.02
2000 36.88 28.99 1712  19.63 6.73 3.59 0.34 0.00
2001 36.83 30.88 19.72 23.14 7.65 3.33 0.17 0.00
2002 36.83 3243 2225  26.40 8.48 3.44 0.28 0.00
2003 36.82 3381 26.05 29.30 8.36 3.12 0.25 0.00
2004 36.38 3511 3133  32.03 7.42 2.82 0.05 0.00
2005 3533 3569 3527  33.65 6.77 2.60 0.14 0.00
2006 35.60 3583 36.94 35.30 6.15 2.35 0.02 0.00
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Table E.8. Annual average hydraulic conductivity for compacted clay liner at
Lysimeter 3 of the Keele Valley Landfill [Data courtesy of City of Toronto;
Modified from Rowe (2005) with additional data added].

Year of Hydraulic conductivity (m/s)
measurement Average Standard deviation
1984 4.3E-10 1.7E-10
1985 1.7E-10 8.1E-11
1986 8.6E-11 4.8E-11
1987 4.8E-11 1.3E-11
1988 3.6E-11 1.6E-11
1990 3.4E-11 1.5E-11
1991 3.1E-11 1.9E-11
1992 3.2E-11 1.5E-11
1993 3.6E-11 9.0E-12
1994 4.8E-11 1.6E-11
1995 6.1E-11 1.8E-11
1996 5.0E-11 1.1E-11
1997 5.0E-11 1.5E-11
1998 4.9E-11 1.4E-11
1999 5.8E-11 1.8E-11
2000 5.6E-11 1.7E-11
2001 5.1E-11 1.5E-11
2002 5.4E-11 1.8E-11
2003 5.3E-11 1.8E-11
2006 52.1E-11 1.6E-11
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Figure E.1. Three conceptual stages in chemical ageing of HDPE geomembranes:
Stage | - antioxidant depletion time, Stage Il - induction time to onset
of polymer degradation, and Stage IIl - time to reach 50%

degradation of a particular geomembrane property (modified from
Hsuan and Koerner 1998).
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Figure E.2. Variation in annual average hydraulic conductivity with annual
average temperature for compacted clay liner at Lysimeter 3, Keele
Valley Landfill [Data courtesy of City of Toronto; Modified from
Rowe (2005) with additional data added]. Note: the line represents
the line of best-fit for the observed data.
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APPENDIX F

A STRANGE EFFECT OF INCREASING TEMPERATURE IN
ACCELERATED AGEING OF HDPE GEOMEMBRANES

IMMERSED IN LIQUIDS

F.1. INTRODUCTION

High density polyethylene (HDPE) geomembranes have been used as
component of landfill liners and final cover systems because of their excellent resistance
to a wide range of chemicals. However, it is expected that HDPE geomembranes will
experience ageing or degradation during their service life due to the adverse chemical
effects of leachate, high physical stresses from waste load, and elevated operating
temperatures (Hsuan and Koerner, 1998). Various degradation processes can occur in the
geomembrane, for example, oxidation, extraction, biological degradation, ultraviolet
degradation, and thermal degradation (Hsuan and Koerner 1995). Among these
degradation processes, the oxidative degradation is considered to be the primary concern
regarding the long-term durability of HDPE geomembranes (Hawkins 1984).
Antioxidants are normally added to the HDPE resin to inhibit oxidation reactions in the
polymer during manufacture and the service life the HDPE geomembranes (Grassie and
Scott 1995). The oxidative degradation in HDPE geomembranes can be divided into three
distinct stages: Stage | - depletion time of antioxidants, Stage Il - induction time to the
onset of polymer degradation, and Stage 11l - degradation to failure (Viebke et al. 1994;

Hsuan and Koerner 1998). The service life of the geomembrane is considered to be the
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sum of the time in each of these three stages. Laboratory accelerated ageing tests are
generally conducted to evaluate the duration of each stage of the geomembranes service

life because of the long time required to obtain results from actual field conditions.

The most commonly used accelerating temperatures in the laboratory are 40,
55, 65, 75, and 85°C (Hsuan and Koerner 1998; Sangam & Rowe 2002; Miiller and Jacob
2003; Gulec et al. 2004; Rowe and Rimal 2008). A number of laboratory accelerated
ageing studies in the literature (Hsuan and Koerner 1998; Sangam & Rowe 2002; Miiller
and Jacob 2003; Gulec et al. 2004; Rowe and Rimal 2008) evaluated the service life
component of Stage | for different immersion mediums. However, there is a paucity of
data in the literature regarding the completion of Stages Il and Il in the laboratory
experiments at elevated temperatures except at 85°C. Therefore, the objective of this
study was to investigate the degradation of HDPE geomembranes in a short period of

time at three elevated temperatures above 85°C.

F.2. EXPERIMENTAL PROCEDURE

F.2.1. Materials

Four different HDPE geomembranes were tested. The geomembranes GM1 and
2 were manufactured by GSE Lining Technology Inc. Houston, TX, USA and the
geomembranes GM3 and 4 were manufactured by Solmax International, Varennes,

Quebec. Table F.1 shows the key properties of the geomembranes.
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F.2.2. Exposure conditions

Geomembrane samples were cut into small coupons (190 mm by 100 mm) and
were incubated in stainless steel containers (250 mm square and 200 mm high) filled with
synthetic leachate and distilled water. The containers were equipped with pressure release
valve to release excess pressure that may generate at higher temperature during testing.
The containers were kept in different temperature controlled ovens at 95, 105, and 115°C.
The synthetic leachate that was used in Chapters 3 and 4 was used in this study. The
leachate was made by mixing trace metals, surfactant, and reducing agents in distilled
water (Table F.2). Air aged samples were put directly inside the oven and were separated

by 5 mm glass rods.

F.2.3. Test Method

F.2.3.1. Oxidative Induction Time (OIT) Test

The oxidative induction time (OIT) is considered to be a good index for
assessing the amount of antioxidant present in the geomembrane (Hsuan and Koerner
1995 and 1998; Maisonneuve et al. 1997; Sangam and Rowe 2002; Gulec et al. 2004;
Rowe and Rimal 2008). The OIT of the geomembranes was evaluated in accordance with
ASTM D3895 (Std-OIT) test method. A TA Instruments Q-100 series differential

scanning calorimeter (DSC) was used in this study.

F.3. RESULTS AND DISCUSSIONS
The depletion of antioxidants in the leachate is normally described by first

order decay relationship (Hsuan and Koerner 1998):
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OIT, =0IT e~ (F.1)

or, on taking the natural logarithm on both sides:

In(OIT, )= —st+In(0IT, ) (F.2)

where OIT; is the OIT remained at any time t (min), OIT, is the initial OIT (min), s is the

antioxidant depletion rate (month™), and t is the ageing time (month).

Figure F.1 shows the variation in In(OIT) with time for the four geomembranes
at 95, 105, and 115°C in leachate. The slope of the linear regression lines represents the
antioxidant depletion rate at each temperature (Table F.3). It is generally expected that
the depletion of antioxidants should increase with the increase of temperature; however,
surprisingly for the leachate immersed samples the depletion of antioxidants decreased
with increasing temperature in this study. A similar antioxidant depletion pattern was
observed when the geomembranes were incubated in distilled water (Figure F.2). The
concentrations of dissolved oxygen in the leachate and water were measured and found to
be 1.3+ 0.2 mg/L and 1.7 £ 0.2 mg/L, respectively at all temperatures examined. It is not
clear as to why the antioxidant depletion decreased with the increase of temperature for
the liquid immersion tests. The antioxidant depletion rates for the leachate immersed
geomembranes were compared with the antioxidant depletion rates observed at 85°C for
the respective geomembranes (Table F.3). The depletion rates at 95°C were found to be
lower compared to the depletion rates at 85°C. Figure F.3 shows the depletion of
antioxidants for the air aged geomembranes at the same three temperatures. It can be seen

that the depletion of antioxidants increased with the increase of temperature (Table F.3)
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as was expected. These results suggest that sufficient care should be taken in conducting
accelerated ageing test by immersing the HDPE geomembrane at temperature above

85°C.

F.4. CONCLUSIONS

The results of accelerated ageing tests to evaluate the depletion of antioxidants
are presented at elevated temperatures. Different HDPE geomembrane samples were
incubated in synthetic leachate, water, and air at 95, 105, and 115°C and tested for
oxidative induction time (OIT). The results showed that the antioxidant depletion rate
decreased with increasing temperature for leachate and water immersed geomembranes.
The results also showed that that the depletion of antioxidants was lower at 95°C than at
85°C for the leachate immersed geomembranes. However, for the air aged
geomembranes, the antioxidant depletion rate increased with increasing temperature. This
finding highlights the need for care when performing accelerated aging tests by

immersing geomembranes in liquid at temperature above 85°C and certainly above 95°C.
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Table F.1. Initial properties of the geomembranes examined.

Geomembrane Thickness Significant initial properties

Std-OIT HP-OIT Ml Tensile break Stress crack

type (MM “min)  (min) (o/10min) strain (%) resistance (hrs)
GM1 2.0 112 380 0.42? 1023 5220
GM2 1.5 152 903 0.43? 945 1000
GM3 1.5 115 244 14.3° 828 1432
GM4 1.5 175 789 12.4° 848 502

3Using 2.16kg load in accordance with ASTM D1238
bUsing 21.6kg load in accordance with ASTM D1238

Table F.2. Composition of synthetic leachate.

Concentration, mg/L

Component (except where noted)
Trace Metal Solution*® (mL/L) 1
Surfactant, Igepal® CA720 (mL/L) 5
En (adjusted by Na,;S*9H,0) (mV) ~-120
®Composition of trace metal solution -1ml/L in synthetic leachate
FeSQO47H,0 2000
H3BO3 50
ZnSQO4*7H,0 50
CuSO4*5H,0 40
MnSO4eH,0 500
(N H4)5M07024'4H20 50
Al3(S04)316H20 30
Co0S047H,0 150
NiSO4+6H,0 500
H.SO,4 (ml/l) 1

Modified from Hrapovic (2001)
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Table F.3. Antioxidant depletion rates in the leachate, water, and air for different
geomembranes at 115, and 105, and 95°C.

Ageing  Temperature Antioxidant depletion rate (month'l)

medium (°C) GM1 GM2 GM3 GM4
115 0.764 0.889 0.844 0.764
105 0.927 1.102 0.907 0.952
Leachate 95 1.243 1.313 1.340 1.425
85% --P 1.557 1.508 2.457
115 0.264 0.162 0.097
Water 105 0.337 0.199 0.189
95 0.436 0.226 0.287

Air 115 0.514 0.357

105 0.418 0.281

95 0.167 0.112

*The antioxidant depletion rates reported for GM2 and 3 at 85°C are from ageing tests
conducted by immersing the geomembranes in 4 liter glass containers as described in
Chapters 2 and 3. The depletion rate reported for GM4 is from ageing tests conducted by
immersing the geomembrane in a large (approximately 650 liter) stainless steel ageing
bath.

°For GM1 (2mm GSE) the first data point was taken after 2.3months; however, all the
other depletion rates reported in this table are based on 1.6 months ageing data and hence
this point is omitted. Considering the zero and 2.3 months data points, the depletion rate
at 85°C is calculated to be 0.575 month™ which is smaller than the depletion rate
observed at 95°C. This is not the same trend as for GM2, 3, and 4.
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Figure F.1. Variation in In(OIT) with time at 115, 105, and 95°C in leachate for the
four geomembranes: (a) GML1, (b) GM2, (c) GM3, and (d) GM4.
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Figure F.2. Variation in In(OIT) with time at 115, 105, and 95°C in water for the
geomembranes (a) GM2, (b) GM3, and (c) GM4.
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Figure F.3. Variation in In(OIT) with time at 115, 105, and 95°C in air for the
geomembranes (a) GM2 and (b) GM3.
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