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Abstract

The effect of blown-film co-extrusion texturing (using entrained nitrogen gas) on the long-term performance of high-density
polyethylene geomembranes (GMBs) immersed in synthetic municipal solid waste leachate is examined over an approximately
8-year period. Antioxidant depletion of the textured part is shown to be much faster than that of the smooth edge. Likewise,
the degradation in the tensile break properties at 85 °C is faster for the textured part than for the smooth-edge portion and
smooth equivalent. The updated estimates for antioxidant depletion time based on data at four different temperatures (40,
55, 75, and 85 °C) over 98 months of data collection are compared with predictions based on 34 months of data, and the
implications are discussed. Nominal failure was reached at 75 °C, and this combined with data at 85 °C allows prediction of
the time between depletion of standard oxidative induction time and nominal failure at lower temperatures. The effect of salt
concentration in incubation fluid on the time to degradation is examined. Finally, the paper comments on the uses of textured
versus smooth GMB.
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1. Introduction

High-density polyethylene (HDPE) geomembranes (GMBs)
play an essential role in various geoenvironmental barrier
systems, as they serve to contain liquids and gases with a de-
sign life that spans from decades to millennia (Giroud and
Bonaparte 1989; Rowe et al. 1998, 2004, 2020; Rowe and
Sangam 2002; Sangam and Rowe 2002; Rowe 2005; Abdelaal
et al. 2014b, 2023a, 2023b; Ewais and Rowe 2014; Morsy and
Rowe 2017, 2020a; Clinton and Rowe 2023; Rowe and So-
muah 2023; Zafari et al. 2023a, 2023b, 2024). HDPE GMBs are
prone to various degradation mechanisms when exposed to
long-term field exposure conditions (Rowe and Sangam 2002;
Hsuan et al. 2008; Scheirs 2009), resulting in a reduction in
both their mechanical and physical properties (Rowe 2005,
2020; Abdelaal et al. 2014a). The oxidative degradation of a
GMB consists of three conceptual stages (Hsuan and Koerner
1998): Stage I, the depletion of antioxidants assessed by ox-
idative inductive time; Stage II, the induction period to the
onset of polymer degradation; and Stage III starts when poly-
mer degradation occurs resulting in a measurable reduction
in GMB properties such as tensile properties (ASTM 2020b),
melt flow index (MFI; ASTM 2013), and stress crack resistance
(SCR; ASTM 2020a). The time to nominal failure of the GMB
is reached when its mechanical and physical properties de-
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crease to 50% of the initial (Rowe et al. 2009) or specified value
(e.g., those given in GRI-GM13 2019).

More recent studies have shown that degradation of me-
chanical properties of a GMB could occur before full deple-
tion of antioxidants due to physical aging (Ewais and Rowe
2014; Rowe et al. 2019; Morsy and Rowe 2020a) in which
the SCR decreased to an equilibrium stress crack resistance
(SCRy,) value, or excessive surface degradation (i.e., connected
network of cracks on the unnotched surface) (Abdelaal et al.
2019; Morsy et al. 2021). Therefore, the time to nominal fail-
ure could be defined as the time at which the SCR degrades
to 50% of SCRy,, the stabilized value of SCR after physical ag-
ing and stress relaxation (Rowe et al. 2019; Morsy and Rowe
2020a).

Texturing the surface of GMBs is used to increase the inter-
face friction between the GMB and soil or geosynthetic liners
with which they are in contact (Koerner 2005; Miiller 2007;
Scheirs 2009). This texturing enhances the interaction be-
tween the GMB and the material it contacts, thereby improv-
ing the veneer stability of the lining system on side slopes.
Texturing can be applied to one or both surfaces of the GMBs
with the blown-film process, which is typically achieved by in-
jecting an inert gas, such as nitrogen, into the molten plastic
of the outer layer(s) during the extrusion process. As the plas-
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tic exits the die, the gas cools and ruptures within the skin
layers, creating a textured surface. While this co-extrusion
method provides greater interface friction at low normal
stresses compared to other techniques (e.g., spray-on textur-
ing and pattern texturing; Erickson et al. 2008), it also causes
variability in the core thickness of the GMB. Consequently,
this may result in a large coefficient of variation in the mate-
rial’s mechanical properties due to the stress concentrations
between the asperities (Rowe et al. 2020). While the variabil-
ity in tensile properties is not directly relevant to field perfor-
mance since the strains are to be kept well below the yield
strain, the cause of the variability in tensile properties ulti-
mately manifests itself in variability in SCR and a decrease
in performance of unnotched textured specimens compared
to smooth specimens from the edge of same roll as will be
discussed in more detail in a later section. Evaluating the
SCR of textured blown-film GMBs presents significant chal-
lenges but, as demonstrated by Abdelaal et al. (2024), it can
be achieved. Textured GMB rolls commonly have a smooth-
edge portion to facilitate welding in the field. Several studies
have examined the longevity of black smooth HDPE GMBs
under various exposure conditions (Mueller and Jakob 2003;
Rowe et al. 2009; Abdelaal and Rowe 2014, 2017; Rowe and
Ewais 2014; Rowe and Shoaib 2017; Tian et al. 2017; Ewais et
al. 2018; Abdelaal et al. 2019, 2023a; Morsy et al. 2021). How-
ever, only a few studies have explored the effect of texturing
on aging of HDPE GMBs in recent research (Morsy and Rowe
2020a).

Morsy and Rowe (2020a) examined the long-term behaviour
of a 1.5 mm thick black textured GMB and its smooth edge
when immersed in a simulated synthetic municipal solid
waste (MSW) leachate at four different temperatures. Based
on results over 3 years of incubation, they found that the
antioxidant depletion time for the textured portion was 40%
faster for standard oxidative induction time (Std-OIT) and 9%
faster for the high-pressure oxidative induction time (HP-OIT)
compared to the smooth edge, suggesting that the texturing
affected the antioxidant depletion stage. The SCR results in-
dicated that the texturing resulted in a relatively small differ-
ence in the time to nominal failure between the textured por-
tion and its smooth edge at 85 °C, leaving a question about
its performance at lower temperatures (e.g., 75 °C). Recent
research has shown that the difference in the core thickness
of the textured and smooth-edge portions of a textured GMB
leads to differences in the degradation time and behaviour of
the two portions (Zafari et al. 2023a). However, the textured
and smooth portions in that study (Zafari et al. 2023a) were
not identical, unlike the current study where both the tex-
tured and smooth portions are made from exactly the same
resin and stabilized with the same antioxidant package (e.g.,
similar initial Std-OIT and HP-OIT; Table 1). Therefore, the re-
sult of the current study allows consideration of the effect
of texturing on the longevity of a GMB with minimal uncer-
tainty due to other contributing factors.

The only studies of the effects of texturing on aging are
for 3 years (Morsy and Rowe 2020a) and 5 years (Zafari et al.
2023b). While the three GMBs studied all reached nominal
failure in 3 years at 85 °C, nominal failure was not reached at
75 °C for any GMB, and so it was only possible to assess the

effect of texturing on Stage I over a range of temperatures
(Morsy and Rowe 2020a). This leaves a major uncertainty re-
garding the effect of texturing on stages II and III to nominal
failure. Thus, the objective of this study is to continue the
study of Morsy and Rowe (2020a) with an additional 5 years
(total 8 years) of incubation in synthetic MSW leachate and in-
vestigate the behaviour of the textured HDPE GMBs and their
smooth edges. The objectives of this study are to

1. Investigate the performance of a textured black HDPE
GMB and its smooth edge in synthetic MSW leachate and
compare them with an “equivalent smooth” GMB made
from the same nominal resin to enhance the prediction
of the Std-OIT and HP-OIT depletion time at tempera-
tures < 55 °C by adding 60 months of data to the findings
in Morsy and Rowe (2020a).

2. Examine the effect of texturing on the longevity of the
HDPE GMB by comparing the time to nominal failure, tyg,
based on tensile break strain and strength of the textured
and smooth-edge portions and compare with the results
for SCR and high-load melt index (HLMI) at 85 °C reported
by Morsy and Rowe (2020a).

3. Investigate the tnr based on SCR for textured and smooth-
edge portions of the textured GMB and the smooth equiv-
alent to the textured GMB at 75 °C.

4. Use the available data at 75 and 85 °C to establish an Ar-
rhenius relationship for the length of stages II and III to
nominal failure and examine the implications of this in-
formation.

5. Investigate the effect of the presence and absence of salts
in the leachate on SCR, tensile properties, and HLMI after
80-month immersion at 85 °C.

2. Experimental investigation

2.1. GMBs examined

Both textured and smooth black HDPE GMBs examined
(Table 1) were manufactured from the same medium-density
polyethylene nominal resin (Chevron Marlex PE K306) in
2015. The textured GMB (denoted as MxTA15) was produced
by co-extrusion with a blowing agent and had an average core
thickness of 1.5 £+ 0.04 mm and an average asperity height
of 0.43 mm. The average thickness of the smooth edge of
the textured GMB (denoted as MxTsA15) was 2.6% larger at
1.54 + 0.01 mm, and the smooth “equivalent” GMB (denoted
as MxF15) was midway between the texted and smooth edge
averages at 1.52 £+ 0.01 mm. Given the standard deviations in-
dicated by +, there was no statistically significant difference
in the core thickness of the three GMBs.

2.2. Immersion testing

The GMB coupons (190 mm x 95 mm) were incubated in 4
L glass jars filled with simulated synthetic MSW leachate (de-
noted as MSW-L3). To accelerate the aging of the GMBs, the
jars were placed in forced air ovens at temperatures of 40, 55,
75, and 85 °C (maximum variation = +0.5 °C). The MSW-L3
leachate used (electrical potential, Eh ~ —120 mV, total dis-
solved solids ~ 12 000 mg/L, and pH ~ 7; full details are given
by Rowe et al. (2008) and Abdelaal et al. (2014b)) was prepared
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Table 1. Initial properties of geomembranes (GMBs).
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Property Method Unit Mean + SD?
GMB - - Textured Smooth edge Smooth
Designator - - MxTA15 MxTsA15 MxF15
Type - - HDPE HDPE HDPE
Thickness - mm 1.5+ 0.04 1.54 +£ 0.01 1.52 + 0.01
ASTM D5994¢ ASTM D5199¢ ASTM D5199¢
Asperity height ASTM D7466¢ mim 0.43 - -
GMB density® ASTM D1505F g/cm?® 0.947 0.947 0.947
Std-OIT ASTM D38958 min 185 £ 10 185 £ 10 153+ 6
HP-OIT ASTM D5885" min 1580 + 90 1580 £ 90 990 + 140
HLMI (21.6 kg) /10 min 133405 13.3+£0.5 15.3+0.3
LLMI (2.16 kg) ASTM D1238! /10 min 0.11 =+ 0.002 0.11 & 0.002 0.135 =+ 0.002
Melt flow ratio unitless 120.9 + 2.4 1209 + 2.4 113.3 £ 0.5
SCR ASTM D5397! hours 1600 + 1640 3970 + 1020 3860 + 700
(150-5700)! (2700-5700)! (3100-4800)!
Tensile properties ASTM D6693K - - - -
Break stress-cross machine direction kN/m 305+1 286+1 283+1
Break strain-cross machine direction Type IV % 353+ 2 59 +4.5 55.2 +2.34
Break stress-cross machine direction kN/m 385+4 61 +2 585 +2
Break strain-cross machine direction Type v % 502 + 41 784 + 44 796 + 13

Note: GMB, geomembrane; Std-OIT, standard oxidative induction time; HP-OIT, high-pressure oxidative induction time; HLMI, high-load melt index; LLMI, low-load melt

index; SCR, stress crack resistance; HDPE, high-density polyethylene.
4Standard deviation.

bProvided by the manufacturer.
CASTM (2010a).

dASTM (2012).

€ASTM (2010b).

fASTM (20100).

EASTM (2019).

hASTM (2021).

IASTM (2013).

IASTM (2020a).

KASTM (2020b).
!(minimum-maximum).

using distilled water mixed with organic/inorganic salts, sur-
factant, reducing agent, and trace metal solution based on
the chemical analysis of Keele Valley landfill MSW leachate
in Ontario, Canada (Rowe et al. 2008). The GMB coupons were
separated using 5 mm thick glass rods to ensure the expo-
sure of GMBs to the MSW leachate from both sides. A limited
number of tests were performed with leachate MSW-L5 pre-
pared using the same distilled water mixed with surfactant,
reducing agent, and trace metal solution as used for MSW-L3
but without the organic/inorganic salts (Abdelaal et al. 2014b).
The leachate was replaced with fresh leachate every 2 months
to control the concentration of synthetic MSW leachate dur-
ing the immersion period (Abdelaal et al. 2014b).

2.3. Index testing

The depletion of different antioxidant packages was mon-
itored using Std-OIT (35 kPa/200 °C; ASTM 2019) to detect
hindered phenols and phosphite antioxidants, while the HP-
OIT (150 °C, 3500 kPa; ASTM 2020c) was conducted to de-
tect thiosynergists and hindered amine (light) stabilizers
(HALS also known as HAS). The oxidative induction time (OIT)
bore-cut specimens were prepared without homogenization
(ASTM 2021) because the GMBs examined were smooth and
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textured black nonconductive GMBs. Homogenization is re-
quired only when the specimen is a multilayered GMB to
minimize local variations in stabilizer concentration (ASTM
2021). Even in the case of multilayered GMBs, Zafari et al.
(2023a, 2023b, 2024) demonstrated that while homogeniza-
tion did affect the absolute value of OIT, the ratio of OIT at
a given time, t, to the initial OITo indicated changes in be-
haviour at the same time irrespective of the method of testing
adopted. The degradation in physical and mechanical proper-
ties of the GMBs was monitored using (1) single point notched
constant tensile load (SP-NCTL; ASTM 2020a appendix) to eval-
uate the SCR, (2) HLMI (21.6 kg/190 °C; ASTM 2013), and (3)
tensile properties (Type V; ASTM 2020b). The HLMI test was
used to assess the changes in molecular weight distribution
of the polymer to infer degradation by either cross-linking
or chain-scission mechanisms (Hsuan and Koerner 1998). To
monitor the degradation in the tensile break properties, ten-
sile tests were conducted in cross-machine (XD) directions us-
ing smaller dog bone Type V specimens (ASTM 2014) at a dis-
placement rate of 50 mm/min.

The SP-NCTL test was used to monitor physical aging and/or
polymer degradation. SCR specimens from both the smooth
edge and the smooth equivalent GMB, which are made from
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the same nominal resin as the textured GMBs, were cut in
the XD direction of the roll. These specimens were notched,
leaving a consistent ligament thickness equal to 80% of the
nominal thickness of the GMB (i.e., 1.2 mm). Subsequently,
the notched specimens were incubated in a 10% IGEPAL so-
lution at 50° C under applied stress equal to 30% of the yield
strength (in kN/m) measured for their unaged counterparts
(both smooth and smooth-edge GMBs). The IGEPAL solution is
used to accelerate the SP-NCTL test. The stress cracking agent
(IGEPAL® CO-630) diffuses through the polymer and plasti-
cizes the amorphous zone, leading to faster softening and
disentanglement of the fibrils.

With textured GMB, it was challenging to maintain a con-
sistent ligament thickness of 1.2 mm in the textured GMBs
due to the variation in ligament thickness of the notched
specimens, resulting from nonuniform core thickness. Al-
though GRI-GM13 (2019) does not recommend the use of SP-
NCTL tests for textured GMBs, Morsy and Rowe (2020a) pro-
posed using SP-NCLT tests to monitor the texturing effect on
the time to nominal failure (tyy) and assessing the physical
aging of the GMB. For the aged textured GMB specimens,
each specimen was inspected and specimens with a thickness
variability exceeding 0.05 mm (4%) were rejected (as recom-
mended by Morsy and Rowe (2020a)).

The index tests have shown that the initial Std-OIT, HP-OIT,
and MFI for the textured and smooth-edge portions of the tex-
tured GMB were similar (Table 1). Thus, it can be inferred that
the difference between the longevity of the textured portion
and its smooth-edge counterpart was due to the co-extrusion
texturing.

3. Results and discussion
3.1. Antioxidant depletion

3.1.1. Std-OIT depletion

The Std-OIT depletion data for the textured GMB (MxTA15),
its smooth edge (MxTsA15), and the smooth equivalent GMB
(MxF15) were fitted using a single two-parameter exponential
decay function (Hsuan and Koerner 1998; Sangam and Rowe
2002; Rowe et al. 2009, 2020; Abdelaal et al. 2014b; Morsy and
Rowe 2017) given by

(1)  OIT; = OITye ™
and taking the natural logarithm on both sides,
(2) In(OIT;) = In(OITy) — st

where OIT; (min) is the Std-OIT value at time t, s (month~1!) is
the antioxidant depletion rate, OIT, (min) is the initial and,
implicitly, OIT, = 0 the final Std-OIT values.

In addition to the 34-month-aged specimens reported by
Morsy and Rowe (2020a), Fig. 1 shows the depletion of Std-
OIT at 40 and 55 °C in MSW-L3 after adding 64 months of
data. For all examined GMBs, the Std-OIT depleted to a value
of approximately OIT4 = 3 min at all incubation temperatures
except 40 °C, which was still depleting after 8 years. The de-

pletion rate of the textured GMB was faster compared to its
smooth edge at all incubation temperatures (Figs. 1 and 2).
The difference in the Std-OIT depletion between the textured
and its smooth edge can be attributed to the difference in the
core thickness (Table 1) and surface area. The texturing on the
GMB surface results in an increase in the surface area of the
GMB and allows a greater area through which antioxidants
can diffuse or be extracted (Morsy and Rowe 2017). The vari-
ability in the core thickness of the textured GMB attributed
to the co-extrusion process may have resulted in nonuniform
shorter outward diffusion paths for the antioxidants, leading
to shorter paths for antioxidants to migrate from the GMB
core (Rowe et al. 2013a; Rowe and Ewais 2014). Consequently,
the textured portion shows faster depletion rates relative to
the smooth edge (other things being equal).

Although the textured and smooth equivalent GMB were
made from the same nominal resin (Morsy and Rowe 2020a),
the initial Std-OIT of the textured roll was notably (21%)
higher than that of the smooth roll (Table 1). Whether this
was happenstance or intended to enhance the long-term per-
formance of the textured GMB is unclear. This may also sup-
port the hypothesis that the textured HDPE GMB should be
boosted OIT by the manufacturer compared to the smooth
to compensate for losses due to increased area for depletion.
The full depletion of antioxidants was observed (Table 2) af-
ter ~ 54 months at 55 °C, 8 months at 75 °C, and 3 months
at 85 °C (Figs. 1 and 2) for the textured portion of the roll
(MxTA15). For the smooth-edge portion of the roll, full de-
pletion of antioxidants was observed after ~ 64 months at
55 °C, 12 months at 75 °C, and 4 months at 85 °C (Figs. 1
and 2; MxTsA15). For the smooth equivalent roll, full deple-
tion of antioxidants was observed after about 60 months at
55 °C, 8 months at 75 °C, and 3 months at 85 °C (Figs. 1 and
2) (MxF15). The antioxidant depletion rates (in month~!) for
the smooth roll and the smooth edge and textured portions
of the textured roll (Fig. 2) were 0.007, 0.0051, and 0.0063 at
40 °C, 0.076, 0.065, and 0.065 at 55 °C, 0.53, 0.33, and 0.48
at 75 °C, and 1.51, 1.074, and 1.421 at 85 °C (Table 2), with
the textured rate being consistently higher than the smooth
edge by an average of 33%.

At temperatures of 55 and 75° C, the oxidation rate may dif-
fer significantly between the three GMBs due to variations in
their surface area, core thickness, and presence of additives
or texturing, affecting how antioxidants are consumed. How-
ever, at the higher temperature of 85° C, the oxidation rate
increases to the point where the physical loss by extraction
becomes the dominant factor (Scheirs 2009). At such elevated
temperatures, antioxidants may rapidly diffuse to the surface
and volatilize or get extracted.

3.1.2. HP-OIT depletion

Antioxidant depletion was monitored using HP-OIT test to
detect antioxidants/stabilizers. Single three-parameter (OIT,
s, and OIT;) exponential decay function was used to fit the
data viz:

(3)  OIT; = [(OIT, — OIT;) e ™] + OIT;
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Fig. 1. Variation of the normalized standard oxidative induction time (Std-OIT) (OIT;/OIT,) with incubation time for the textured
geomembrane (GMB), its smooth edge, and equivalent smooth GMB (MxTA15, MxTsA15, and MxF15) immersed in municipal solid
waste leachate 3: (a) 40 °C (MxTA15 and MxTsA15); (b) 40 °C (MxF15 and MxTsA15); (c) 55 °C (MxTA15 and MxTsA15); and (d) 55 °C

(MxF15 and MxTsA15). Error bars represent the range of results.
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where OIT; (min) is the HP-OIT value at time ¢, s (month~1!) is
the antioxidant depletion rate, OIT, (min) is the initial HP-OIT
value, and OIT; (min) is the residual HP-OIT value.

With the addition of 64 months of data to that published
by Morsy and Rowe (2020a), the full depletion of HP-OIT to
residual values was observed for all the GMBs examined at
all incubation temperatures except 40 °C during 98 months
of incubation (Fig. 3).

The HP-OIT residual values for the textured, smooth edge,
and smooth equivalent GMBs were 348, 630, and 238 at 55 °C,
220, 220, and 198 at 75 °C, and 220, 220, and 198 min at 85 °C,
with normalized values (i.e., HP-OIT residual value divided by
the initial HP-OIT value) of 0.22, 0.4, and 0.24 at 55 °C, 0.14,
0.14, and 0.2 at 75 °C, and 0.14, 0.14, and 0.2 at 85 °C. The
observed depletion rates (in mo~!) for MxTA15, MxTsA15, and
MxF15 were 0.014, 0.013, and 0.009 at 40 °C, 0.036, 0.037, and
0.034 at 55 °C, 0.095, 0.08, and 0.085 at 75 °C, and 0.389, 0.304,
and 0.251 at 85 °C (Figs. 4 and 5), with the textured rate being
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typically the highest similar to the aforementioned Std-OIT
observations.

The initial HP-OIT values were similar in the textured and
smooth edge, suggesting a similar distribution of antioxi-
dants detected by HP-OIT across the thickness of the two parts
of the roll. Although the difference between textured and
smooth edges in residual value and depletion rate was rel-
atively small at high temperatures (75 and 85° C), their dis-
tinction at lower temperatures (i.e., 40 and 55° C) was notable
(Fig. 4; Table 2). For instance, the depletion rates for textured
and smooth edges at 55° C were 0.22 and 0.44 month~!, while
the residual HP-OIT values were 348 and 630 min for MxTA15
and MxTsA15, respectively. While the initial HP-OIT value of
the smooth edge MxTsA15 (1580 + 90) was 1.6-fold higher than
the initial HP-OIT of the smooth equivalent MxF15 (990 + 140)
(Table 1), the observed depletion rates of MxF15 were the same
as MxTsA15 at all incubation temperatures except at 55 °C
(Fig. 5; Table 2). The lower HP-OIT residual values observed at
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Fig. 2. Variation of the In (normalized standard oxidative induction time (Std-OIT) (OIT;/OIT,)) with immersion time for the
textured geomembrane and its smooth edge (MxTA15 and MxTsA15) incubated in municipal solid waste leachate 3: (a) 55 and
85 °C and (b) 40 and 75 °C. Error bars represent the range of results.
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higher temperatures were probably attributed to the higher
mobility of the HALS and the relative ease of outward diffu-
sion from the GMB’s core at higher temperatures (Rowe and
Ewais 2014; Morsy and Rowe 2020a).

At higher temperatures, the variation in depletion rates
between the two portions of the textured GMB was smaller
based on HP-OIT compared to Std-OIT. This difference can be
attributed to the lower effect of surface area and core thick-
ness on the depletion of high molecular weight HALS (Ewais
et al. 2014; Morsy and Rowe 2020a; Scheirs et al. 2020) than
the phenolic antioxidants detected by the Std-OIT test. Nev-
ertheless, for T < 65 °C, HP-OIT depleted to residual values
faster than the Std-OIT in all cases examined here. Thus, as

often is the case, the Std-OIT depletion controlled the length
of Stage I of the three stages of GMB service life for T < 65 °C.

3.1.3. Antioxidant depletion stage prediction

3.1.3.1. Basics

Arrhenius modelling (Arrhenius 1889a, 1889b; Koerner et
al. 1992) was used to predict the rate of antioxidant depletion
at lower temperatures, using the depletion rates obtained ex-
perimentally for Std-OIT and HP-OIT. The Arrhenius equation
can be written as

s — Ae—(E/RT)

(4)
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Table 2. Observed OIT depletion rates and residual values.

Temperature (°C) GMB MxTA15 MxTsA15 MxF15
40 Sstd-orr (month~1) 0.007 0.0051 0.0063
Std-OIT; (min) N/A? N/A? N/A?
Sup.orr (month~1) 0.014 0.013 0.009
HP-OIT; (min) NJAP N/AP NJAP
55 Ssiq-orr (month~1) 0.076 0.065 0.065
Std-OIT; (min) 4 4 3
Sup.orr (month~1) 0.036 0.037 0.034
tq (months) 54 64 60
HP-OIT; (min) 348 630 238
75 Sswd-orr (month~1) 0.53 0.33 0.48
Std-OIT; (min) 3 4 3
tq (months) 8 12 8
Sup.orr (month™1) 0.095 0.08 0.085
HP-OIT; (min) 220 220 198
85 Sid-orr (month—1) 1.42 1.07 1.51
Std-OIT; (min) 3 3 2
tq (months) 3 4 3
Sup.orr (month~1) 0.389 0.304 0.251
HP-OIT; (min) 220 220 198

Note: GMB, geomembrane; HP-OIT, high-pressure oxidative induction time; Std-OIT, standard oxidative induc-

tion time.

aThe Std-OIT has not depleted to a residual value yet. "The HP-OIT has not depleted to a residual value yet.

where s (month~1) is the depletion rate, A (month~!) is the col-
lision factor, E, (J.mol~?) is the activation energy for antiox-
idant depletion, R (Jjmol~1.K~1!) is the universal gas constant
equals 8.314 J/(mol.K), and T (K) is the absolute temperature.
Taking the natural logarithm on both sides of eq. 4 gives

(50 In(s)=1In(A)— <%> <%>

For the Std-OIT depletion, the parameters E, and A were es-
timated by plotting the natural logarithm of depletion rates
against the inverse of the absolute temperatures for all in-
cubated temperatures (Figs. 6a and 7a). Based on 8 years of
aging using an average depleted Std-OIT4 value of 3 min, the
Std-OIT depletion times for MxTA15, MxTsA15, and MxF15 were
predicted and compared with and found to be in encouraging
agreement with observed values (Table 3). Predictions were
then made at temperatures between 10 and 85 °C based on
the best-fit data at 85, 75, 55, and 40 °C and Arrhenius plots
such as that shown in Figs. 6 and 7 and the corresponding
predictions are given in Table 4.

3.1.3.2. Effect of texturing on Std-OIT depletion immersed in
MSW L3 at typical landfill temperatures

Based on a typical MSW landfill temperature of about 40 °C,
the expected values given in Table 4, the Std-OIT of the
smooth edge would take 30% longer to deplete than the tex-
tured portion. Thus, the use of a textured GMB where it is
not needed (most of the base of most landfills) notably com-
promises the potential service life compared to the “equiva-
lent” smooth roll. The practical implications of this will be
explored again later.

Can. Geotech. J. 00: 1-24 (2024) | dx.doi.org/10.1139/cgj-2024-0024

3.1.3.3. Uncertainty in predictions of time to Std-OIT depletion

Inspection of Figs. 6 and 7 shows that the 55 °C data de-
part somewhat for the best fit to the four data points. When
comparing the predicted and observed depletion times at 85,
75, and 55 °C (40 °C still has not fully depleted), the agree-
ment is good for 75 and 85 °C and not so good for the ex-
pected value at 55 °C. This raises the question of uncertainty
in predictions. This question can be addressed by construct-
ing the 95% confidence limits on the data and this results in
three predictions: (i) the expected depletion time (and deple-
tion rate) based on the “best fit” predictions (50% probability
of the depletion time will be above, and a 50% probability
will be below, this value); (ii) a minimum prediction with a
95% probability of being exceeded; and (iii) a maximum pre-
diction with a 95% probability that the actual depletion time
will be less than this value. Values for time to OIT depletion
and the rates were obtained from the curves in Figs. 6 and 7
for all three GMBs (MxTA15, MxTsA15, and MxF15) as indicated
in the supplementary material (Tables S1 and S2). The mini-
mum and expected values of time to OIT depletion are given
in Table 5.

The Std-OIT data for the textured portion shown in Fig. 8
(black circles) contain notable scatter. Based on the Arrhe-
nius modelling, the expected depletion rate (s = 0.059 mo~!)
shown as the blue dot-dash line provides a good general de-
scription of the data, with values on either side of the curve,
and it particularly well captures the last data point. This curve
corresponds to a depletion time of 70 months (5.9 years). The
brown long-dashed curve (s = 0.076 mo~!) corresponds to the
minimum depletion time of 54 months (4.5 years) and also
corresponds to the best fit to the data overall. The red short-
dashed curve (s = 0.045 mo~!) provides the best description
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Fig. 3. Variation of the In {normalized Std-OIT (OIT,/OIT,)} with immersion time for the smooth edge and its equivalent smooth
geomembrane (MxTsA15 and MxF15) incubated in municipal solid waste leachate 3: (a) 40 and 75 °C and (b) 55 and 85 °C. Error
bars represent the range of results. Std-OIT, standard oxidative induction time.
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of the early time data and corresponds to the maximum time
to depletion of 92 months (7.6 years). Since it represents the
95th percentile, essentially all data points are either on or
below this curve.

The antioxidants have not been depleted at 40 °C, but the
predicted depletion rates can be compared with the observed
data (Fig. 9). The green dot-dot-dashed curve (s = 0.021 mo~1)
for the minimum time to depletion (16.9 years) has all of
the data points above it and is seen to be quite conserva-
tive. The blue dot-dashed curve (s = 0.009 mo~!) for the ex-
pected time to depletion captures the scatter of the early time
data but overpredicts the depletion at later times, and its

corresponding depletion time of 38 years is likely very con-
servative (i.e., it underestimates the time to OIT depletion).
Based on the first author’s experience and judgement, the
brown long-dashed curve (s = 0.007 mo~!) is considered the
“best fit” and corresponds to a depletion time of 49 years.
The red short-dashed curve (s = 0.0039 mo~1!) for the maxi-
mum time to depletion of 88 years has all data either on or
below it.

Similar curves were established for MxTA15, MxTsA15, and
MxF15 times to a minimum and expected depletion, as given
in Tables 5 and 6. In all cases, the observed time to depletion
fell within the predicted range (Table 3).

Can. Geotech. J. 00: 1-24 (2024) | dx.doi.org/10.1139/cgj-2024-0024
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Fig. 4. Variation of the normalized high-pressure oxidative induction time (HP-OIT) (OIT;/OIT,) with incubation time for the
smooth edge of the textured geomembrane (GMB) and textured GMB (MxTsA15 and MxTA15) immersed in municipal solid waste
leachate 3: (a) 40 and 75 °C and (b) 55 and 85 °C. Error bars represent the range of results.
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3.1.3.4. Comparison with the Morsy and Rowe (2020a)

The expected times to Std-OIT depletion from the 34
months of testing in the Morsy and Rowe (2020a) study can be
compared with a total of 94 months of data, as summarized
in Table 7. The predictions for both the textured (MxTA15) and
smooth edge (MxTsA15) portions show an excellent agreement
with the Morsy and Rowe (2020a) values, which are slightly
conservative (i.e., erring on the low side). However, the same
is not true for the smooth equivalent (MxF15). For this GMB,
the Morsy and Rowe (2020a) predictions were notably lower
(more conservative) than those obtained in the current study.
The difference can be explained by inspecting Fig. 10 and
noting the data that were available over the first 34 months

Can. Geotech. J. 00: 1-24 (2024) | dx.doi.org/10.1139/cgj-2024-0024

resulted in black solid best-fit curve (s = 0.011 mo~!), while
the brown long-dashed curve, representing the best fit to the
full dataset available for this paper, has almost half the slope
(s = 0.0063 mo~') with the correspondingly longer times to
depletion that is now apparent. Thus, it can be concluded that
34 months were adequate for predicting depletion times with
well-behaved data at the lowest temperature of 40° C, but
with uncertain data as in the case for MxF15, more immer-
sion time was required. The anomalous data used in the pre-
dictions by Morsy and Rowe (2020a) have not been excluded
and consequently the uncertainty reflected by the difference
between the green dot-dot-dashed maximum and red short-
dashed minimum prediction curves. The change in behaviour
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Fig. 5. Variation of the normalized high-pressure oxidative induction time (HP-OIT) (OIT;/OIT,) with incubation time for the
smooth edge and equivalent smooth (MxTsA15 and MxF15) immersed in municipal solid waste leachate 3: (a) 40 and 75 °C and

(b) 55 and 85 °C. Error bars represent the range of results.
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between about 30 and 45 months was likely a reflection of the
final depletion of one component of the antioxidant package,
as detected by the Std-OIT test, with the remaining compo-
nent exhibiting a much slower depletion rate that was ini-
tially masked by the faster depletion of the originally more
dominant component of the antioxidant package.

3.1.3.5. HP-OIT depletion

The HP-OIT depletion rates, s, obtained at temperatures
ranging from 40 to 85 °C in MSW-L3 (Table 2), were utilized
to establish the Arrhenius plot (Figs. 4 and 5) for extrapolat-
ing antioxidant depletion rates at lower temperatures. Both

10

the depletion rate and residual HP-OIT values (HP-OIT;) are
required to be substituted into eq. 5. The results (Figs. 4b
and 5b) show no clear pattern in the variation of HP-OIT;
with decreasing temperature. The observed differences in HP-
OIT; at most temperatures showed no statistically significant
difference, consistent with other studies (e.g., Clinton and
Rowe 2023 and Abdelaal et al. 2019). This may be attributed
to the inter-related properties (i.e., polymer free-volume and
stabilizer solubility), which are both temperature-dependent
properties (Clinton and Rowe 2023). Thus, the residual value
was estimated as the average observed HP-OIT; at higher tem-
peratures (i.e., Figs. 4 and 5). These values were used to predict
the HP-OIT depletion times at different temperatures. At tem-
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Fig. 6. Arrhenius plot of OIT depletion for the textured geomembrane (GMB) and its smooth edge (MxTA15 and MxTsA15): (a)
standard oxidative induction time (Std-OIT) and (b) high-pressure oxidative induction time (HP-OIT).
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peratures > 65 °C, the HP-OIT depletion time was longer than
those observed using Std-OIT (Table 3). Using the Arrhenius
equations in Figs. 6b and 7b to extrapolate the HP-OIT deple-
tion time at 40 °C (to the residual value), gave predictions of
13.5, 13.5, and 14.3 years for MxTA15, MxTsA15, and MxF15, re-
spectively. Hence, the small difference in depletion rates and
residual values between the textured and smooth-edge por-
tion of the GMBs was observed at higher temperatures, and
a negligible impact on the time to HP-OIT depletion of the
GMBs was observed at lower field temperatures.

An examination of Tables 3 and 4 reveals that the pre-
dicted antioxidant depletion times based on HP-OIT at tem-
peratures < 65 °C were shorter than those predicted based on
Std-OIT depletion. For instance, at 40° C, the predicted HP-
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OIT depletion times (13.5, 13.5, and 14.3 years) of MxTA15,
MxTsA15, and MxF15 were 2.8, 3.7, and 2.9 times shorter than
the corresponding Std-OIT depletion times (38, 50, and 41
years). This suggests that the Std-OIT package played a cru-
cial role in protecting the GMB compared to the HP-OIT pack-
age within the temperature range of the GMB liner in most
geoenvironmental applications (T < 65 °C).

3.2. Melt flow index

The variation of the normalized HLMI of the three GMBs
was monitored at all temperatures (40, 55, 75, and 85 °C).
It showed no changes during the 98 months of incubation
at lower temperatures (i.e., 40 and 55 °C), but there was
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Fig. 7. Arrhenius plot of OIT depletion for the textured geomembrane (GMB) and its smooth edge (MxTA15 and MxTsA15): (a)
standard oxidative induction time (Std-OIT) and (b) high-pressure oxidative induction time (HP-OIT).
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a change for the 75 °C (Fig. S1) and 85 °C (Figs. 11 and
12). At 85 °C, the HLMI remained unchanged during the
first 20 months of immersion and then started decreasing,
implying dominant cross-linking oxidation reactions (Figs.
11 and 12). After 40 months of incubation, the HLMI of
all examined GMBs (MxF15, MxTsA15, and MxTA15) had de-
creased to 50% of their initial value at 85 °C. The simi-
lar degradation trends of the textured GMB and its smooth
edge suggest that texturing had a negligible effect on the
molecular weight distribution during the degradation of
the GMB.

Despite the smooth edge and smooth “equivalent” manu-
factured from the same resin but different resin lots, both
GMBs exhibited different initial HLMI values. However, their

12

HLMI behaviour was similar, and both had reduced to 50% of
the initial value after 40 months of incubation.

The reduction in HLMI value at 75 °C observed after 85
months lies within the range of variability observed over
the aging time, and there is uncertainty as to whether it
is really decreasing or the results are just scattered—time
will tell.

3.3. Tensile properties

An additional 64 months of data were added to the 34
months of incubation data reported by Morsy and Rowe
(2020a). As aging progressed, the tensile break properties of
the textured GMB exhibited variability around the best-fit
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Fig. 8. Variation in standard oxidative induction time (Std-OIT) with incubation time and various predictions for the textured
portion (MxTA15) at 55 °C: (a) Std-OIT versus incubation time and (b) (In(Std-OIT) — In(std OITo)) versus incubation time.
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line at all temperatures. At 85 °C, all GMBs showed a reduc-
tion in the break properties. The break strain of MxTA15,
MxTsA15, and MxF15 started to decrease after 34 months,
reaching 50% of the initial values (txg at 60, 80, and 80
months, respectively; Figs. 13a and 13b). Similarly, all GMBs
retained their break strength during the first 34 months and
then started to decrease, reaching 50% after 60 months at
85 °C (Figs. 13c and 13d).

As with the HLMI results, the degradation behaviour of ten-
sile break properties was similar for smooth and smooth-edge
GMBs. While the tensile properties showed longer retention
times than the HLMI for all GMBs, polymer degradation based
on tensile break properties was detected in MxTA15 faster
than MxTsA15 and MxF15. Texturing increases the surface area
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of the GMB exposed to leachate compared to the smooth edge
and allows the salts to precipitate with higher concentration
at the grooves between the asperities. The mechanisms other
than diffusion affecting depletion of antioxidants and subse-
quent degradation in MSW-L3 are uncertain. What is clear,
however, is that texturing the surface increases the suscep-
tibility of faster degradation and notable variation in break
strength (Morsy and Rowe 2020a). The substantial variability
in break strain suggests that the txg may occur in less than
64 months. For instance, the normalized break strain after 50
months of incubation exhibits considerable variability, with
values ranging from a low of 0.12 to a high of 0.9 (Fig. 13a).
However, the break strength and elongation are not critical
for a GMB since the strain level in the field should be below
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Fig. 9. Variation in (In(Std-OIT)-In(std OITo)) versus incubation time and various predictions for the textured portion (MxTA15)
at 40 °C. Std-OIT, standard oxidative induction time.

0 Ow.._l_ ) —I L] T I I L] L] ] I T I L} L) I 1 T | L}
\\ — —-_"——. i
- ———— -
X 8 “f:.l\ =
L o5 L I ~ 893 %0 -
o) N T~ ) ]
5 o - ]
n
o 10k ~ In(normalized Std-OIT (-)) = -0.0039t
D ;
g In(normalized Std-OIT) = -0.007t N
(U —
g MxTA15 at 40°C In(normalized Std-OIT) = -0.009t -
8 [ ] Textured In(normalized Std-OIT) = -0.021t T
E’ S Max. Prediction B ]
— — — — —  Bestestimate N - ]
——————— Expected N, T
—_——— Min. Prediction i
_20 1 1 1 1 I L 1 1 1 I 1 |l '] 1 I 1 1 Il L I 1 1 1 L
20 40 60 80 100

Incubation time (months)

Table 3. Observed and predicted times (years) to OIT depletion and nominal failure immersed in municipal solid waste

leachate 3.
INF HLMI INF TBS INF TBE
ta sta-orr (years) ta up-orr (years) INF scr (years) (years) (vears) (vears)
GMB T (°C) Predicted® Observed Predicted® Observed Predicted® Observed Observed Observed  Observed
MxTA15 85 0.22 0.23 0.6 0.8 2.3 2.3 3.3 5.0 5.0
MxTsA15 85 0.31 0.33 0.8 0.8 2.2 2.2 3.3 5.0 6.7
MxF15 85 0.21 0.23 0.7 1.0 1.9 1.9 3.3 5.0 6.7
MxTA15 75 0.62 0.7 1.1 3.0 6.0 6.0 - - -
MxTsA15 75 0.86 0.83 1.3 3.0 6.0 6.0 - - -
MxF15 75 0.61 0.7 1.3 3.0 6.0 6.0 - - -
MxTA15 55 4.5-6.1-7.6 4.5 4.4 4.2 - - - - -
MxTsA15 55 5.3-7.9-11.7 5.3 4.7 4.2 - - - - -
MxF15 55 4.5-6.1-8.2 5.0 4.8 4.2 - - - - -

Note: Numbers are rounded to two significant figures. GMB, geomembrane; Std-OIT, standard oxidative induction time; HP-OIT, high-pressure oxidative induction time;

SCR, stress crack resistance; HLMI, high-load melt index.

apredicted Std-OIT depletion time based on Std-OIT residual value of 3.0 min. ®Predicted HP-OIT depletion time based on a variable HP-OIT residual value. “Predicted

based on 0.5SCRy, and only two data points at 75 and 85 °C.

the yield strain of the GMB for a well-designed barrier system.
It may be hypothesized that the textured GMBs with a differ-
ent structure to the texturing that are manufactured by flat
die extrusion may behave differently to GMBs with the textur-
ing arising from a blown-film texturing process. In particu-
lar, it may be hypothesized that the issue with the structured
texturing will be faster depletion of the antioxidants for the
stubs providing the frictional resistance and stress cracking
at the root of those scrubs causing a loss in frictional capac-
ity over time prior to failure of the sheet itself. However, no
study has yet examined this hypothesis, and further investi-
gation is needed.

No degradation in tensile break strain and strength values
was observed at 98 months of incubation at 75 °C (Figs. S2
and 3), even though the SCR was fully degraded.

14

3.4. SCR

According to Abdelaal et al. (2024), the stress applied to the
single-notch textured specimens is separated into two com-
ponents: uniaxial tensile stress and bending stress caused by
the offset between the centerline of the unnotched thickness
of the specimens and the neutral axis of the ligament (Fig. 14).
Thus, the variability in the notch depth in textured GMB (re-
sulted from the textured surface) may affect the SCR values
and result in variability of the SCR. The sources of variabil-
ity of SCR of the GMBs examined in the current study were
investigated by Morsy and Rowe (2020b) by comparing the
SCR obtained from the NCTL and the crack propagation rate
predicted using the principles of fracture mechanics and the
fracture surfaces scanned using the environmental scanning
electron microscope. The lower SCR value of the textured

Can. Geotech. J. 00: 1-24 (2024) | dx.doi.org/10.1139/cgj-2024-0024
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Fig. 10. Variation in standard oxidative induction time (Std-OIT) with incubation time and various predictions for the smooth

equivalent (MxF15) at 40 °C.
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Table 4. Predicted (expected) times, t4 (years) to OIT depletion (Stage I) and length of stages II and III, (txg scr— tastd-orr), tO
nominal failure immersed in municipal solid waste leachate 3.

ta sta-orr (years)

tq pp-orr (years) (tNF_scr— ta sta-orr) (years)

Temperature  Textured Smooth edge Smoothroll  Textured Smooth edge Smoothroll  Textured Smooth edge Smooth roll
(°Q) MxTA15 MxTsA15 MxF15 MxTA15 MxTsA15 MxF15 MxTA15 MxTsA15 MxF15
85 0.2 0.3 0.21 0.6 0.8 0.7 2.1 1.9 1.7
75 0.6 09 0.61 1.1 1.3 1.3 5.4 5.1 5.4
65 1.8 2.5 1.84 2.2 2.5 2.5 14 15 18
55 5.9 7.9 6 4.4 4.7 4.8 41 47 66
45 20 26 21 9.2 9.4 9.9 125 160 260
40 38 50 41 14 14 14 220 300 540
35 74 96 81 20 20 21 410 590 1,100
30 150 190 160 31 29 31 760 1200 2400
25 300 380 340 47 43 47 1,400 2,300 >5000
20 620 790 710 73 65 72 2800 4800 >5000
15 1300 1700 1600 110 99 110 >5000 >5000 >5000
10 2900 3600 3600 180 150 180 >5000 >5000 >5000

Note: tgsiq-orr and tq gp-orr are based on data at four temperatures (40-85 °C) but (tnr_scr— tasta-orr) is only based on two temperatures (75 and 85 °C) and is far less certain.

GMB was attributed to low local SCR values related to stress
concentrations at asperities, and surface defects and discon-
tinuities at the GMB surface opposite to the notch side.
Assuming all the textured GMBs examined had the same
actual thickness at the location of the notch and the ap-
plied force (Fscg, i.e., 30% of Fy) was similar for various notch-
ing depths/ligament thicknesses, then for the specimens im-
mersed at 55 and 75 °C, the SCR in Stage II (equal to the post
physical aging equilibrium SCR value designated as SCRy,) de-
creased with an increase in the notch depth and consequent
decrease in ligament thickness (Fig. 15). The SCRy, decreased
by 73% with an increase in the notching depth from 0.325
(22% of the actual thickness) to 0.5 mm (33% of the actual
thickness) for textured GMBs at 75° C (Fig. 15b). At 55 °C, the

Can. Geotech. J. 00: 1-24 (2024) | dx.doi.org/10.1139/cgj-2024-0024

SCRy, decreased by 53% with an increase in notching depth
from 0.3 (20% of the actual thickness) to 0.5 mm (33% of the
actual thickness) for textured GMBs. This is attributed to the
bending stress resulting from the eccentricity arising from
the increase in notching depth (Fig. 14).

The maximum stresses (o max) on the specimens were cal-
culated using eq. 6, proposed by Abdelaal et al. (2023Db),

3 X tny+ 1L

©) b.t?

Fscr

Omax =

where Fscpr is the force applied to the SCR specimen, t;, is the
ligament thickness of the SCR specimen, ty is the notched
depth of the specimen, b (mm) is the width of the thin part
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Fig. 11. Variation of normalized high-load melt flow index (MI;/Ml,) with incubation time for the textured geomembrane and
its smooth edge (MxTA15 and MxTsA15) immersed in municipal solid waste leachate 3 at 85 °C. Error bars represent the range

of results. HLMI, high-load melt index.
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Fig. 12. Variation of normalized high-load melt flow index (MI;/Ml,) with incubation time for the smooth edge of textured
geomembrane (GMB) and its equivalent smooth GMB (MxTsA15 and MxF15) immersed in municipal solid waste leachate 3 at
85 °C. Error bars represent the range of results. HLMI, high-load melt index.

1.2

1.0

0.8

0.6

0.4

Normalized HLMI (-)

1
1
0.2 |
tne = 40months |
L L Y

0.0

— _.. —
—&—— Smooth edge

Smooth roll

'.l.
L Ll

0 20 40

100

Incubation time (months)

of the dog-bone specimen (b = 3.2 mm), and the relationship
between SCR and oy is shown in Fig. 16.

For unnotched specimens and in the absence of eccen-
tricity, the unnotched SCR of the textured GMB after 74
and 80 months incubation at 55 °C was 4600 + 110 h
at omax ~ 0.67Fscr/b.t (with only uniaxial force). Notch-
ing of these GMBs reduced SCR to 1780 h (49 mil;
0max ~ 1.37Fscg/b.t) and 1030 h (48 mil; 0 max & 1.46Fscr/b.t)

16

after 74 and 80 months of incubation at 55 °C, respectively
(Fig. 14). This highlights the effect of notch depth on SCR vari-
ability, even when the same applied force is used. Therefore,
to compare the SCR values of textured and its smooth-edge
GMBs, one must consider the effect of notch depth and main-
tain the same t; [t to ensure the same maximum stresses (0 pmax)
are applied to the notch tips, enabling a valid comparison be-
tween SCR values.
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Fig. 13. Variation of the normalized tensile break properties—cross machine direction with incubation time for (a) tensile
break strain for MxTA15 and MxTsA15; (b) tensile break strain for MxF15 and MxTsA15; (c) tensile break strength for MxTA15 and
MxTsA15; and (d) tensile break strength for MxF15 and MxTsA15 immersed in municipal solid waste leachate 3 at 85 °C. Error

bars represent the range of results.
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Fig. 14. Schematic diagram of the side view of single-notched stress crack resistance (SCR) specimens.

Fscr

Except at 40 °C, the SCR decreased within the first 16
months of incubation from the unaged SCR,, to a stable, more
representative value of SCRy, (Rowe et al. 2019; see Fig. 17).
This reduction is attributed to physical aging, with no observ-
able degradation in tensile break or MFI properties. Physi-
cal aging may occur due to morphological changes (i.e., re-
arrangements of the semi-crystalline structure) and/or relax-
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Fscr

ation of the manufacturing-induced residual stresses (Ewais
and Rowe 2014; Rowe et al. 2019; Morsy and Rowe 2020a).
At 40 °C, the smooth equivalent GMB had reduced to an
SCRy, 1460 + 320 (0.38.SCR,) h after 24 months due to the
full stress relaxation. The large variability in the SCR over
time of the textured GMB and its smooth edge at 40 °C may
be attributed to the variation in the residual stresses on the
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Fig. 15. Variation of stabilized stress crack resistance (SCR)
values of textured geomembrane (MxTA15) with different lig-
ament thicknesses at (a) 55 °C and (b) 75 °C.
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roll resulting from the nonuniform cooling during the man-
ufacturing and the nonhomogeneity in the molten polymer
flow (Chaoui et al. 1987; Xu and Bellehumeur 2008; Rowe et
al. 2019) and/or variations in morphology across the roll, such
as lamella thickness and the degree of short-chain branching
(Ewais and Rowe 2014). This variability exists for both smooth
and textured GMBs but increases for the textured GMBs due
to the variability of the thickness of the sheet and/or ligament
thickness of the notched sheet (strain concentration).

The average unaged SCR, of the textured GMB was
1600 + 1640 h (ranging from 150 to 5700 h; Morsy and Rowe
2020a). This calculation was based on results from speci-
mens with a constant ligament thickness of 48 mils. SCRy,
was 890 + 340 h (0.55.SCR,) for the textured portion and
1150 + 370 h (0.29.SCR,) for the smooth edge (at 55 °C); how-
ever, given the standard deviation, the difference is not statis-
tically significant. The SCRy, of the equivalent smooth GMB
was 550 + 250 at 55 °C (0.14.SCR,). The low SCRy, value is
likely a result of the high residual stresses developed during
the manufacturing process.
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Fig. 16. Variation of stabilized stress crack resistance (SCR)
values of textured (MxTA15) with different applied o .« at the
beginning of single point notched constant tensile load SCR
test by changing the depth of the notch used in calculating
the SCR load at (a) 55 °C and (b) 75 °C.
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While the initial SCR, values of the smooth equivalent
GMB and the smooth edge did not show a statistically signifi-
cant difference, and there are no differences in SCR, at 75 °C
or time to nominal failure (fng), a difference in SCR;,, was ob-
served at 55 °C. Similar to what was reported by Morsy and
Rowe (2020a) at 85 °C, the SCR degradation trends at 75 °C
showed the onset of chemical degradation, and tyr wWere sim-
ilar for textured and smooth edges/smooth equivalent (Figs.
17a and 17b). The degradation of SCR below SCR;, was ob-
served in these GMBs after 24 months of immersion at 85 °C
and 60 months at 75 °C in MSW-L3. With aging, the three
GMBs reached tyr based on 50% SCR,, after 28 months at
85 °C and 72 months at 75 °C. Based on this data and the
time to Std-OIT depletion, the difference (tNF_SCR — t4std-oIT)
can be calculated (Table 4) and using the values of In(1/(txr scr
— tasta-orr)) at 75 and 85 °C to construct an Arrhenius plot, one
can calculate the projected length of stages II and III as given
in Table 4.
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Fig. 17. Variation of the normalized stress crack resistance (SCR) (SCR;/SCRy) with incubation time for the textured geomem-
brane (GMB), its smooth edge of the textured, and equivalent smooth GMB (MxTA15, MxTsA15, and MxF15) immersed in munic-
ipal solid waste leachate 3: (a) MxF15 and MxTsA15 at 75 °C; (b) MxTA15 and MxTsA15 at 75 °C; (c) MxF15 and MxTsA15 at 55 °C;
and (d) MxTA15 and MxTsA15 at 55 °C. Error bars represent the range of results.
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Abdelaal et al. (2014a) investigated the brittle failure of 1.5
mm HDPE GMBs under simulated landfill conditions using
a geosynthetic liner longevity simulator. They highlighted
the critical effect of a substantial decrease in SCR values of a
GMB’s susceptibility to brittle fractures due to gravel indenta-
tion. It was shown that GMB sheets aged to achieve a notched
SCR of 75 h exhibited brittle failure, resulting in 35 000 holes
per hectare at a temperature of 55 °C. This vulnerability in-
creased with temperature, and the material was prone to brit-
tle ruptures at strain levels as small as 6% around individual
gravel indentations. In this present study, after 85 months of
immersion, the textured part of the GMB showed a notched
SCR value of 75 h, whereas the unnotched SCR was approx-
imately twice as high, about 140 h. In comparison, smooth
rolls made from the same type of resin exhibited a notched
SCR of 75 h and an unnotched SCR of 1423 h after the same
duration. This suggests that textured GMBs may become sus-
ceptible to brittle failure when exposed to strains of 6% after
85 months of incubation.
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The significant difference between aged unnotched SCR
(1423 h smooth and 140 h textured) and both at 75 h notched
strongly suggests that the similarity in the time to nominal
failure of the three GMBs based on SCR of notched specimens
arises because the notch effect (stress concentration at the
notch tip) dominates over the texturing effect due to the na-
ture of the test when the SCR is degrading.

3.4.1. Effect of MSW leachate inorganic chemistry

To assess the impact of salts in the leachate on the textured
GMB (MxTA15), textured samples were immersed in MSW-L5
(Abdelaal et al. 2014b). Leachate MSW-L5 has the same surfac-
tant and trace metals as L3 but did not contain salts. Thus,
comparing the performance of the same textured GMB in
both leachates provides some insight into the effect of salts
on GMB longevity. Thus, while MxTA15 reached typ after 28
months at 85 °C in MSW-L3, the SCR was still 1390 + 890 h
after 90 months in MSW-L5 at 85 °C. In addition, unlike in L3,

19


http://dx.doi.org/10.1139/cgj-2024-0024

‘Canadian Science Publishing

Table 5. Predicted minimum and expected depletion standard oxidative induction time (Std-OIT) times, tqstq-orr (Years), length
of stages II and III (g — t4), and predicted minimum and expected time to nominal failure in the field (rounded to two

significant digits) tng fieia = 3.4 X tasta-orr + (N — ta)-

GMB MxTA15 MxTsA15

Temp. Stages II Minimum Expected Stages II Minimum Expected
(°C) Minimum*  Expected and III INFfield INFfield Minimum*  Expected and III INFfield INFfield
85 0.5 0.2 2.1 3.7 2.9 1.0 0.3 1.9 2.2 2.9
75 1.0 0.6 5.4 8.6 7.5 1.6 0.9 5.1 6.8 8.0
65 2.0 1.8 14 21 21 2.9 2.5 15 229 24
55 4.5 5.9 41 57 61 5.3 7.9 47 67.2 74
45 11 20 125 190 190 10 26 160 2.0 250
40 16 38 220 280 360 14 50 300 360 470
35 26 74 410 500 660 20 96 590 670 910
30 42 150 760 900 1300 29 190 1200 1300 1800
25 68 300 1400 1700 2500 42 380 2300 2500 3600
20 110 620 2800 3200 4900 61 790 4800 >5000 >5000
15 190 1300 >5000 >5000 >5000 91 1700 >5000 >5000 >5000
10 330 2900 >5000 >5000 >5000 140 3600 >5000 >5000 >5000

Note: GMB, geomembrane.
*At 95% confidence level. Numbers may not add due to rounding.

the GMB in L5 did not exhibit any decrease in tensile break
properties and HLMI over 90 months of immersion, taking
into account that the observed Std-OIT depletion time in both
solutions at 85 °C was about 2 months. From this comparison,
it can be inferred that the presence of salts in the leachate (L3)
had a great effect on the time to nominal failure once the
antioxidants were depleted. Despite the vertical alignment
of the GMB coupons within the jar, salts precipitated onto
the GMB surface. This suggests an interaction between the
salts and GMB, potentially accelerating the decrease in SCR
(Abdelaal et al. 2014b).

3.5. Implications for the time to nominal

failure in a landfill

The predictions of antioxidant depletion time in Table 3
are for GMBs immersed in simulated MSW leachate L3. It
has been demonstrated that the antioxidant depletion time
is substantially longer in a composite liner compared to the
double-sided leachate immersion method that is used in this
study (Rowe and Rimal 2008a, 2008b; Rimal and Rowe 2009;
Rowe et al. 2010, 2013a). As explained by Rowe et al. (2020),
the depletion times listed in Table 3 can be conservatively
multiplied by a composite liner factor of 3.4 to approximate
the depletion time in a landfill at a given temperature. One
can then add the projected length of stages II and III to get
the time to nominal failure, as indicated in Table 5. The proce-
dure is repeated for both the minimum and expected values
of the antioxidant depletion time to the “minimum field” and
“expected field” times to nominal failure (Table 5) for both
the textured and smooth-edge portions of MxTA15 (Table 5)
and for the smooth equivalent roll (Table 6).

Since MSW landfill typically operates in the 35-40 °C tem-
perature range, it is useful to compare results at 40 °C. For the
textured portion, the expected txr is 360 years with a min-
imum of 280 years. The smooth edge has a notably longer
expected tnr of 470 years with a minimum of 360 years. The
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smooth equivalent roll has an expected tyr of 680 years with
a minimum of 590 years. The 320-year difference in expected
tnr Of 680 years for smooth and 360 years for textured GMB
(310-year difference in minimum from 590 years for smooth
to 280 years for textured) is significant in many landfill appli-
cations.

It follows from the example above that while textured
GMBs may be needed on side slopes, they should only be used
where the texturing is essential for stability or for health and
safety reasons and smooth GMB should be used for the bulk
of the project (e.g., the base of landfills or tailings storage fa-
cilities). The texturing on the side slopes will likely not be
at the same exposure conditions as the base of the landfill
where leachate sits and temperatures are the highest. There-
fore, the disadvantage of the texturing might even out in the
end if placed on the side slopes.

4. Conclusions

The long-term performance of co-extrusion blown-film tex-
tured HDPE GMBs (MxTA15) relative to its smooth edge and
smooth equivalent HDPE GMBs (MxTsA15 and MxF15) was
monitored in synthetic MSW leachate (TDS ~ 12 000 mg/L and
pH =~ 7) at a range of temperatures (40-85 °C) for 8 years to
investigate the effect of the texturing. For the test conditions
and GMBs examined, it is concluded that

1. For textured and smooth edges, the updated estimates
for antioxidant depletion time at four different temper-
atures (40, 55, 75, and 85 °C), incorporating an additional
60 months of incubation beyond the 34 months reported
by Morsy and Rowe (2020a), closely align with those esti-
mated by Morsy and Rowe (2020a) based on Std-OIT. This
suggests that the 34-month test was reasonable for assess-
ing antioxidant depletion when data were well behaved.
However, for the smooth equivalent roll, the additional
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Table 6. Predicted minimum and expected depletion standard oxidative induction time (Std-OIT) times, t4 stq-orr (Vears), length
of stages II and III (txy — tq), and predicted minimum and expected time to nominal failure in the field for MxF15 (rounded to

two significant digits) tng pield = 3-4 * tasta-orr + (N — ta)-

MxF15
Temp. (°C) Minimum* Expected Stages II and III Minimum tngfield Expected tngfield
85 0.1 0.2 1.7 2.0 2.4
75 0.4 0.6 5.4 6.7 7.4
65 1.7 1.8 18 24 24
55 4.5 6.1 66 82 87
45 10 21 260 300 330
40 16 42 540 590 680
35 24 82 1100 1200 1400
30 39 170 2400 2600 3000
25 62 350 >5000 >5000 >5000
20 100 740 >5000 >5000 >5000
15 170 1600 >5000 >5000 >5000
10 290 3600 >5000 >5000 >5000

*At 95% confidence level. Numbers may not add due to rounding.

Table 7. Predicted times, t4 (years) to OIT depletion (Stage I) from original 34 month Morsy and Rowe (2020a) study and this

94-month study.

MxTA15 MxTsA15 MxF15

Morsy and Rowe This study Morsy and Rowe This study Morsy and Rowe This study
Temp. (°C) tq (years) tq (years) tq (years) tq (years) tq (years) tq (years)
85 0.2 0.2 0.35 0.3 0.2 0.2
75 0.6 0.6 0.77 0.9 0.6 0.6
65 2 2 1.7 2.5
55 6 8 8
45 20 20 26 26 16 21
40 37 38 49 49 28 42
35 72 74 95 94 53 82
30 140 150 190 190 100 170
25 280 300 370 370 200 347
20 590 620 760 770 390 740
15 1300 1300 1600 1600 780 1600
10 >2000 >2000 >2000 >2000 1600 >2000

data substantially (by 75%) increased the predicted time
to antioxidant depletion due to a change in the antioxi-
dant depletion curve between 30 and 45 months, and this
change was not well captured by data up to 34 months.

. The antioxidants detected by the Std-OIT test depleted sig-
nificantly faster from the textured portion than from the
smooth edge or the smooth equivalent roll.

. The additional testing was sufficient for nominal failure to
be reached at 75 °C after 6 years of immersion in the simu-
lated MSW leachate. These data combined with those for
nominal failure at 85°C provide the first opportunity to
predict the time between depletion of Std-OIT and nomi-
nal failure at lower temperatures. Based on this informa-
tion, the expected time to nominal failure at 40° C in an
MSW landfill is 360 years (textured), 470 years (smooth
edge), and 680 years (smooth equivalent).

. The textured part of the GMB exhibited increased variabil-
ity in thickness, resulting in lower break properties and
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a faster degradation rate compared to the smooth edges.
This can be attributed to stress concentrations between
the asperities, contributing to significant variability in the
break properties of the textured GMBs with aging.

. Based on the information in this paper, the use of textured

GMB should be restricted to those locations where it is
needed, and smooth GMB should be used elsewhere.

. GMB MxTA15 was immersed in two simulated MSW

leachates with surfactant and trace metals denoted L5 and
L3. These leachates were identical except that L3 also had
concentrations of salts, giving a total dissolved solids of
12 000 mg/L. The GMB in the two solutions had similar Std-
OIT depletion time, but the GMB immersed in L3 reached
nominal failure based on SCR after 28 months at 85 °C
and had experienced a decrease in tensile break proper-
ties and melt index. In contrast, the same GMB immersed
in L5 had SCR equal to 1390 + 890 h after 90 months and
did not exhibit any decrease in tensile break properties or
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melt index over 90 months of immersion in L5. It is in-
ferred that the salts played a pivotal role in the difference
in behaviour.

This study focused on a double-sided textured GMB, and it
is recommended to explore different textured GMB products
with varying thicknesses and asperities for a comprehensive
understanding.
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