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ABSTRACT: The degradation behaviour of a 4.8 mm thick elastomeric bituminous geomembrane
(BGM) immersed in pH 0.5, 9.5, and 11.5 synthetic mining solutions is examined over 26 months at 22,
40, 55 and 70°C. The low pH solution simulates the leach solutions found in copper, nickel, and
uranium heap leach pads while the two high pH solutions simulate the chemistry and pH found in gold
and silver heap leaching facilities. The mechanical, rheological, and chemical properties are examined at
different incubation times to assess the degradation in the BGM at different temperatures. It is shown
that the degradation rates of all properties are faster in pH 11.5 and 9.5 than in pH 0.5. Additionally, the
BGM started to exhibit degradation in its mechanical properties even with a slightly degraded bitumen
coat in all the mining solutions at elevated temperatures. The time to nominal failure of the BGM
is predicted at different field temperatures using Arrhenius modelling. Due to the relatively fast
degradation in the mechanical properties of the BGM, especially at temperatures above 50°C, the tensile
strains in the BGM in the field should be limited so it can meet the required liner design life of heap

leaching applications.
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1. INTRODUCTION

Heap leaching is a common geoenvironmental application
for geomembranes (GMBs) that is widely used for the
recovery of gold, silver, copper, uranium, and nickel (Thiel
and Smith 2004; John 2011). In this method, the ore is
leached using acidic solutions with a pH range of 0.5-2 for
the extraction of copper, uranium and nickel or alkaline
solutions with a pH range of 9.5-12 for the extraction of
gold and silver (Breitenbach and Thiel 2005; Lupo 2010;
Abdelaal et al. 2011; Petersen 2016). The leach solution
that contains the precious metal (called the pregnant leach
solution (PLS)) is collected using a series of geopipes
embedded in a coarse-grained layer overlying the pad and
processed for metal recovery in a lined PLS pond (Thiel
and Smith 2004; Lupo 2010; Abdelaal et al. 2011).
Geosynthetic barrier systems are typically used in the
pad under the ore to protect the surrounding environment
from the corrosive leaching solutions and to preserve the
precious minerals being extracted. Due to the combination
of high overburden pressures (in the case of static heap
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leaching), extreme pH of the PLS in contact with the liner,
and elevated temperatures (sometimes >75°C), heap
leaching is considered one of the most aggressive service
environments for the GMB liner (Breitenbach and Thiel
2005; Scheirs 2009; Abdelaal et al. 2011; Rowe and
Abdelaal 2016). Previous research examined the durability
of polymeric geomembrane liners (e.g. Gulec et al. 2004;
Abdelaal et al. 2011; Rowe and Abdelaal 2016; Abdelaal
and Rowe 2017, 2023; Morsy and Rowe 2017) under
the aggressive conditions of the heap leach applications.
Recently, bituminous geomembranes (BGMs) have been
introduced to mining applications due to their lower
coefficient of thermal expansion, higher puncture resist-
ance, and higher density relative to polymeric GMBs but
there is a paucity of research into their long-term perfor-
mance under the service conditions of heap leach pads
(Scheirs 2009; Lazaro and Breul 2014; Daly and Breul
2017).

BGMs are manufactured by impregnating and coating
a nonwoven polyester geotextile (NW-GTX) and a glass
fleece layer with bitumen to give a relatively impervious
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and flexible sheet (Peggs 2008). The upper surface of the
BGM is typically coated with fine sand to increase
the interface friction of the liner system, while a polyester
film is bonded to the bottom side to prevent the adhesion
of the turns of the BGM roll during storage and protect
the BGM from upward root penetration during service
(Lazaro and Breul 2014). Early BGMs were manufactured
using oxidized bitumen to improve the temperature sen-
sitivity of the bitumen coat (i.e. to raise the flow tempera-
ture and lower its low-temperature brittleness), but
nowadays, the bitumen coat is stabilized with elastomers
such as styrene-butadiene-styrene (SBS) (Touze-Foltz and
Farcas 2017).

The performance of the BGMs as a barrier material
relies on both the bitumen coat providing the waterproofing
characteristics of the BGM and the reinforcement layers
providing its mechanical properties (Touze-Foltz and
Farcas 2017; Samea and Abdelaal 2023). The effect of
moisture and different aqueous solutions on the chemical
properties of bitumen was previously studied in pavement
research by monitoring the changes in the rheological
behaviour and chemical structure of the bitumen (e.g. Ma
et al. 2011; Hung et al. 2017; Pang et al. 2018; Wei et al.
2019; Zhang et al. 2020; Zou et al. 2021; Ding et al. 2022;
Feng et al. 2022). It was shown that exposing the bitumen
to aqueous solutions can result in its oxidation due to
the reaction of the bitumen with the oxygen molecules
dissolved in the aqueous solutions. Alternately, water-
soluble components of bitumen can dissolve into the
aqueous solutions during exposure (Yang et al. 2020; Zou
et al. 2021). Both mechanisms were found to be accelerated
by exposing the bitumen to alkaline solutions (Pang et al.
2018; Zou et al. 2021). Although these studies simulated
the bitumen exposure to corrosive solutions, they used
ageing methods designed for asphalt pavements (rolling
thin film oven and/or pressure ageing vessel) involving
relatively short incubation times that cannot simulate the
longer design life of BGM in heap leaching applications.
Additionally, these studies did not involve the degradation
of the other BGM components.

The only attempt found in the literature for investigat-
ing the chemical durability of BGMs in heap leaching
applications was a study by Esford and Janssens (2014),
who examined the chemical durability of an elastomeric
BGM for the primary liner of a weak sulfuric acid PLS
pond. The BGM coupons were immersed in a diluted
acidic solution with 20% sulfuric acid and 100 ppm
kerosene for three years at room temperature. Monitoring
the physical and mechanical properties of the BGM
showed that the BGM did not exhibit any significant
degradation as a result of exposure to the solution. Based
only on one temperature and one solution, this study
concluded that the BGM was suitable for use as the
primary liner in this application.

Samea and Abdelaal (2023) also investigated the
durability of BGMs in air and deionized (DI) water at
different elevated temperatures for two years using immer-
sion tests. While the results provided insights into the
degradation behaviour of BGMs at elevated temperatures,
they cannot be used to estimate the longevity of the BGM

liners in heap leaching applications with extreme pHs.
Thus, the first objective of this paper is to investigate the
long-term performance of an elastomeric BGM at different
temperatures when exposed to extremely low and high
pH solutions simulating the PLS typically found in heap
leach pad applications. The second objective is to use time-
temperature superposition modelling to predict the time to
nominal failure of the BGM at the typical field tempera-
tures of heap leach pads.

2. EXPERIMENTAL INVESTIGATION

2.1. Immersion solutions

Three different synthetic mining solutions (Table 1) were
used in the current study to simulate the extreme pH and
metal concentration of the PLS in different heap leaching
applications. The solutions were prepared by mixing differ-
ent inorganic salts with DI water (pH=6.5). Either
sodium hydroxide (15 M) or 98% sulfuric acid was titrated
to achieve the desired pH of the solution. PLS1 with
pH 0.5 simulates the chemistry and pH of solutions found
in copper, uranium, and nickel heap leaching (Rowe and
Abdelaal 2016). PLS2, and PLS3 with pH of 9.5 and 11.5,
respectively, simulate the pH of the leaching solutions
found in gold and silver heap leaching and some low-level
radioactive waste leachates (Abdelaal and Rowe 2017;
Tian et al. 2017). The solutions were replaced every two
months to ensure a constant pH during the entire duration
of the study.

Table 1. Chemical composition of the different mining solutions
(mg/l except for pH)

Analyte® PLS 1° PLS 2° PLS 3¢
Nominal pH 0.5 9.5 11.5
Aluminium 5000 <1.0 <1.0
Arsenic <0.03 0.9 0.9
Barium <0.05 0.1 0.1
Cadmium 1.7 <0.025 <0.025
Calcium 515 0.42 0.64
Copper 87 9 9
Cobalt 20 0.03 0.03
Iron 710 <0.05 <0.05
Magnesium 3300 4 2.8
Molybdenum <0.05 0.68 0.56
Nickel 7.6 <0.3 <0.3
Lead 14 <0.03 <0.03
Lithium 1000 <0.05 <0.05
Potassium <0.2 173 181
Silver <1.0 0.3 0.3
Sodium 50 60 138
Zinc 62 0.02 0.02
Chloride 5100 <0.5 <0.5
Hydroxides 0 43 9440
Oxides 0 0.59 0.59
Sulphate 68 000 300 300

#Metal ions were analyzed using an inductively coupled plasma-mass
spectrometer (ICP-MS), while the anions were analyzed using Ion
chromatography (IC).

®Values after Rowe and Abdelaal (2016).

“Values after Abdelaal and Rowe (2017).
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Table 2. Initial properties of the examined BGM

Abdelaal and Samea

Property” Method Unit Mean £ SD”
Designator — — TERANAP 531 TP 4M
Nominal thickness ASTM D5199 mm 4.81+0.120 (4.6)
Glass mat reinforcement — g/m? 50°

Mass per unit area of the nonwoven geotextile reinforcement ASTM D5261 g/m? 275°

Mass per unit area of the BGM ASTM D5261 g/m? 5410°

Machine direction maximum tensile strength oy, ASTM D7275 kN/m 33.1£0.422 (25.5)
Machine direction elongation at oy ASTM D7275 mm 51+1.8(33)
Cross machine maximum tensile strength oy ASTM D7275 kN/m 29.5+0.887 (23)
Cross machine elongation at oy ASTM D7275 mm 52+£1.5(35.7)
Puncture resistance Fyy ASTM D4833 N 690 +41.91 (555)
Puncture elongation at Fy; ASTM D4833 mm 14.35£0.933
Glass transition temperature of bitumen tack coat ASTM E2602 °C —24.2+1.48

10 replicates were examined for each property.

Values in parentheses show the minimum specified value by the manufacturer for this BGM.

“Values from the manufacturer datasheet.

2.2. Materials examined

The BGM examined comprises a reinforcement layer that
includes a polyester NW-GTX with a mass per unit area of
275 g/m? and a glass fleece sheet with a mass per unit area
of 50 g/m? impregnated and coated with SBS-modified
bitumen. The BGM is 4.8 mm thick and is recommended
by the manufacturer for high-stress geoenvironmental
applications (e.g. mining applications). The top surface of
the BGM is treated with sand, while the bottom surface has
a polyester anti-root film. Table 2 shows the different
ASTM index tests performed to obtain the initial proper-
ties of the BGM and the recommended minimum values
for these properties by the manufacturer for this BGM.
In addition, the NW-GTX (Table 3) used in the manu-
facturing of the BGM was examined to compare its
long-term performance to the BGM.

2.3. Accelerating ageing and index testing

The jar immersion technique, in which coupons of the
geomembrane are immersed in a jar filled with a synthetic
solution, is widely used to accelerate the ageing of GMBs
in the laboratory by exposing all sides of the GMB to
aggressive media at elevated temperatures (e.g. Hsuan
and Koerner 1998; Sangam and Rowe 2002; Miiller and
Jacob 2003; Abdelaal et al. 2011; Ewais et al. 2014; Rowe
and Abdelaal 2016; Tian et al. 2017; Morsy et al. 2020;
Abdelaal and Rowe 2023). This technique allows the
estimation of the degradation times in the different
properties of the GMB until the nominal failure of the
material is reached. Time to nominal failure for geosyn-
thetics is typically assessed as the time taken for a GMB
property to decrease to 50% of the initial or the specified
value (Hsuan and Koerner 1998; Rowe 2020). This is
different from the GMB service life that is related to the
loss of its hydraulic barrier function (i.e. time to rupture)
that cannot be directly estimated from immersion tests
since they do not simulate the demand on the GMB (i.e.
stresses and strains) or the composite liner exposure in the
field. However, immersion tests can be used to examine
the chemical durability of the GMB and the effect of the

Table 3. Initial properties of the examined NW-GTX

Property” Method Unit Mean £ SD
Nominal thickness ASTM D5199 | mm 1.1£0.128
Surface mass per unit area | ASTM D5261 | g/m? 263+4.36
Machine direction ASTM D5035 | kN/m 13.4+1.33
maximum tensile
strength
Machine direction ASTM D5035 | mm 48+3.7
elongation
Cross machine maximum | ASTM D5035 | kN/m 10.5+0.866
tensile strength
Cross machine elongation | ASTM D5035 | mm 55+1.2
Puncture resistance ASTM D4833 | N 627+ 62.37
Puncture elongation ASTM D4833 | mm 16.79 £0.665
Glass transition ASTM E2602 | °C 82.86+2.27
temperature (°C)

10 replicates were examined for each property.

exposure conditions, such as elevated temperature or the
chemistry of the exposure media.

While the immersion tests accelerate the degradation of
polymeric GMBs due to the exposure of all sides to the
solution, for BGMs, exposure from the edges can directly
expose the core NW-GTX to the immersion solutions.
Samea and Abdelaal (2019) investigated the effect of
exposing the NW-GTX to the immersion solutions by
examining the degradation of BGM coupons that were
sealed with BGM strips welded to their four edges and
BGM coupons with exposed edges (unsealed). The results
showed a substantially slower degradation in the mechan-
ical properties of the sealed BGM coupons in different
incubation solutions at elevated temperatures relative to the
unsealed coupons with exposed NW-GTX at the coupon
edges. Thus, before initiating the long-term immersion
experiments, the BGM coupons (250 X 150 mm) were
sealed using the same method reported by Samea and
Abdelaal (2019) so that the coupons are only exposed to
the solution from the top (bitumen coat) and the bottom
(polymeric film) surfaces of the BGM. The sealed BGM
coupons were placed in stainless steel containers filled with
the PLS (with a surface area of the BGM per solution
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volume = 450 cm?/1) and incubated at 22, 40, 55 and 70°C.
In addition, the NW-GTX used in the manufacturing of
the BGM examined was incubated in the three solutions
at 70°C. Due to the insignificant contribution of the
polymeric film to the mechanical properties of BGM, it
was not aged and tested separately (Samea and Abdelaal
2023). The BGM and the NW-GTX coupons were
periodically extracted and used to monitor the changes in
mechanical, rheological, and chemical properties of the
samples using the different index tests discussed below.

2.3.1. Modulated differential scanning calorimetry

The changes in the glass transition temperature (75) of the
bitumen were monitored to infer the change in the bitumen
structure due to ageing (e.g. Masson and Polomark 2001;
Kriz et al. 2007; Sa Da Costa et al. 2010; Wang et al. 2019a;
Kaya et al. 2020). In this study, T, of the bitumen top coat
of the unaged and aged BGMs was measured, using a TA
Instruments Modulated Differential Scanning Calorimeter
(MDSC250), equipped with a refrigerated cooling system
(RCS120), according to the inflection method (ASTM
E2602). For each data point, three 5-8 mg specimens were
extracted from the whole thickness of the bitumen top coat.
Each specimen was placed in a Tzero hermetic pan sealed
with hermetic lids and examined in the MDSC under a
constant flow (50 ml/min) of nitrogen. To eliminate the
thermal history of the samples, the sealed pans were
pre-heated from room temperature to 170°C and annealed
for 15 min. This was followed by quenching the samples to
—110°C at a rate of 10°C/min then reheating to 170°C at a
rate of 5°C/min while modulating the temperature with an
amplitude of £0.75°C and a period of 60 s.

2.3.2. Dynamic shear rheometer

The dynamic shear rheometer (DSR) is typically used to
monitor the effect of ageing on the rheological properties of
bitumen due to the changes in its chemical structure (e.g.
Airey 2003; Lu et al. 2008; Wu et al. 2009; Ali et al. 2013;
Ding et al. 2022). To characterize the viscous and elastic
behaviour of BGM, complex shear modulus (G*) and
phase angle (6) were measured in the linear viscoelastic
region (LVE) of all unaged and aged BGM samples using
an Anton Paar MCR 102 rheometer. G* is defined as the
ratio of the absolute shear stress and the resulting shear
strain, while ¢ is the offset between the applied shear stress
and resulting shear strain from a dynamic oscillation
measurement (Airey 2003). For each data point, the
rheological properties of three specimens were measured
under the normal force constant control mode (1 N) at
55°C using a 25 mm parallel plate at a fixed frequency of
10 rad/s and under a strain level of 0.01% to 60%.

2.3.3. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is used to
assess the increase in the carbonyl functional group due to
oxidative degradation of the bitumen and the decrease in
the butadiene functional group due to consumption of the
SBS copolymer of polymer-modified bitumen (e.g. Lu and
Isacsson 1999; Lamontagne et al. 2001; Zhang et al. 2011;
Aguiar-Moya et al. 2017; Tauste et al. 2018; Kaya et al.

2020). A Thermo Scientific Nicolet iS20 spectrum is used
to assess the spectra in the range of 4000 cm™' to
400 cm™' with a scan frequency of 32 and 4 cm™!
resolution. To remove the sand particles and NW-GTX
fibres in the bitumen, samples of the whole bitumen
thickness were extracted and dissolved in toluene (10% by
weight), and then the bitumen solution was placed on
potassium bromide (KBr) disks before the test to dry. To
examine the effect of ageing on the functional groups of
the bitumen and SBS copolymer, changes in the carbonyl
C=0 (centred around 1700 cm™') and the butadiene
double bonds C=C (centred around 968 cm™') charac-
teristic bands were monitored for three different speci-
mens at each sampling event. The C = O band was used to
monitor the oxidation of the entire bitumen coat, whereas
the C=C band was used to monitor the degradation of
the chain segments in the butadiene phase of the SBS. The
carbonyl and butadiene indices that reflect the average
changes in these functional groups with ageing relative to
the unaged bitumen (e.g. Lamontagne et al. 2001; De Sa
Araujo et al. 2013; Gao et al. 2013; Feng et al. 2022) were
calculated viz:

Area of the carbonyl band centered around 1700 cm ™!

Ie—o =
€=0 ™ SArea of the spectral bands between 4000 and 600 cm~!

(1)

Area of the carbonyl band centered around 968 cm ™!

TArea of the spectral bands between 4000 and 600 cm—!

(2)

Isps =

where Ic—o = carbonyl index, Isgs = butadiene index.

2.3.4. Mechanical index tests

To examine the effect of ageing on the mechanical
properties of BGM, the tensile test (ASTM D7275) and
puncture test (ASTM D4833/D4833M) were conducted in
parallel in both the machine and cross-machine directions
on unaged and aged BGM specimens at different
temperatures and incubation durations. Ten specimens
were examined to assess the unaged tensile and puncture
properties of the BGM. For the aged samples, only two
tensile specimens and one puncture specimen were
examined at different incubation times to ensure the
availability of samples during the entire duration of the
long-term study to assess the changes in the BGM
properties with time. The changes in the maximum
(peak) tensile stress and the corresponding elongation of
the BGM were monitored using a Zwick Roell universal
testing machine (Model Z020) with a 50 mm/min separ-
ation rate. For the NW-GTX, the tensile properties were
measured according to the ASTM D5035 test method at a
strain rate of 300 mm/min. For the puncture test, the
maximum puncture force and corresponding elongation
of the BGM samples were measured using a GDS loading
machine at a strain rate of 50 mm/min. The maximum
(peak) stresses and corresponding elongations were used
in this study to assess the mechanical properties of the
BGM and the NW-GTX instead of the break stress and
elongation as specified in the ASTM D7275, ASTM
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D4833/D4833M, and ASTM D5035 test methods. This is
because the peak values represent the onset of the
NW-GTX failure that governs the mechanical properties
of the BGM. Additionally, this allows the comparison of
the degradation in the mechanical properties of the BGM
to the NW-GTX samples that were separately incubated
under the same conditions.

3. RESULTS AND DISCUSSION

3.1. Effect of pH on the chemical and rheological
properties of BGM at 70°C

3.1.1. Glass transition temperature

In all three solutions, T, decreased upon incubation with
the increase in the incubation time, implying a change in
the bitumen structure due to oxidative degradation in the
mining solutions (Figure 1). The fastest change in T, was

Glass transition temperature (°C)

35 ———— PLS1=pHOS5 Sl TRY .
[ —— — PLS2=pH95 ~__ %
| ———8-—- PLS3=pH 115
F — —&—— DI-Water
_40 PR W TR T N T WY TR SN NN NN TN W NN (N SN NN U W N WA SN U N N N S W . |
0 5 10 15 20 25 30

Incubation duration (months)

Figure 1. Variation in 7, with incubation time at 70°C in PLSI1,
PLS2, and PLS3. Data in DI-Water are from Samea and
Abdelaal (2023). Unless otherwise noted, the data points
presented in all the figures represent the mean value, while the
error bars represent the *1 standard deviation of the data

350 -
300 | &
: I, -
250 |- % y ’i—{ _
L ,»"
— " e 7
T 200 . ’/gl_/,—-’ ?
= I /’E’ ¥ L
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— — — PLS2=pH95
— - —e— — DI-Water
| T W T T N W S ST S N 1

0 5 10 15 20 25 30
Incubation duration (months)

(a)

Abdelaal and Samea

in PLS2 and PLS3 with the high pH in which T}, decreased
upon incubation from —24.2°C to reach the lowest T,
values of the bitumen of —37°C (Samea and Abdelaal
2023) after 24 and 19 months, respectively. In PLS1, the
change in T, was slower than in DI water (pH~6.5) in
which the values were retained at the initial values for the
first 7 months, then linearly decreased to around —29°C
after 26 months of incubation. While the T, decreased in
all three solutions, the results suggest that increasing the
pH from 0.5 to 11.5 resulted in more oxidative degra-
dation in the bitumen coat. However, given the scatter in
the data, the effect of increasing the pH from 6.5 to 11.5
was insignificant on the 7}, at 70°C.

3.1.2. Complex shear modulus and phase angle

Ageing in the mining solutions at 70°C resulted in different
changes in both G* and ¢ of the aged BGM samples
(Figure 2). In PLS1, the G* slightly increased with ageing
while d did not change during the 26 months of exposure,
implying that the BGM maintained the viscous and elastic
components of its unaged structure. In the PLS2 and PLS3,
G* gradually increased upon incubation to reach 2- and
2.5-fold the initial G*, respectively after 26 months. At the
same time, J decreased by 30% in PLS2 and 40% in PLS3.
The changes in G* and ¢ in the alkaline solutions were
slightly higher than the changes reported by Samea and
Abdelaal (2023) for immersion in DI water. This highlights
the effect of alkaline and neutral solutions on the bitumen
that resulted in a higher shift in its rheology towards a less
viscous and more elastic behaviour than the acidic solution.

3.1.3. Carbonyl and butadiene indexes

Incubation in both acidic and alkaline media increased the
Ic=o of the unaged bitumen (0.0024) with the ageing time,
while the Ispg was reduced due to the degradation of the
butadiene segments (Figure 3). After 26 months of
exposure to PLS1, the Ic=o increased by a factor of 4.3,
while in PLS2 and PLS3, it increased to reach 7.5 and 9
times the initial values, respectively. Similarly, Isgg showed
more degradation of the SBS copolymer in PLS2 and

50 -
Y x &
40 B "“‘—; L Y
i [] 4: 5 9$ ®
[ TRy T -
30 | = T
= e ey
20
[ — +— PLS1=pHO0S5
10F — ¢ — PLS2=pH95
. ———#—— PLS3=pH 115
[ —.—e— — DI-Water
0....l“..];;;;l....l....l....l
0 5 10 15 20 25 30

Incubation duration (months)

(b)

Figure 2. Variation of the G* and ¢ with incubation time at 70°C in PLS1, PLS2, and PLS3: (a) G*; (b) . Data in DI-Water are from

Samea and Abdelaal (2023)
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Figure 3. Variation of the Ic=o and Isgg with incubation time at 70°C in PLS1, PLS2, and PLS3: (a) Ic=0; (b) Isgs. Data in DI-Water

are from Samea and Abdelaal (2023)

PLS3, reaching 71% and 60% of the initial value, respec-
tively, at the end of incubation, versus a 15% reduction in
PLS1. However, the Isgg data does not signify the effect of
pH on the degradation of the SBS copolymer given the
high scatter in the data at the different incubation durations
in all the solutions examined. Overall, incubation in
alkaline media and the neutral DI water resulted in more
oxidative degradation of the bitumen coat than the low pH
PLS1 while there was no clear effect of the pH on the
degradation of the SBS copolymer.

3.2. Effect of pH on mechanical properties of BGM at
70°C

In all three solutions, the mechanical strengths (the
maximum tensile stress and peak puncture force;
Figures 4a and 4c) of the BGM samples were retained at
the initial values for the first 4 months. Then, there was a
gradual decrease with time until reaching constant values
toward the end of the incubation. The fastest decrease in
tensile strength was in PLS3 reaching 18% of the initial
value after 13 months, then in PLS2 reaching the same
value after 15 months, while the slowest decrease was in
PLS1 also reaching 18% of the initial values but after
19 months (Figure 4a). Similar behaviour was observed for
the puncture resistance in which the value decreased to 22%
of the initial values after 13 months in PLS3, 14 months in
PLS2, and 18 months in PLS1 (Figure 4c).

For the elongations at the maximum (peak)
strength/force (¢,,,.), there was a gradual decrease in the
values after incubation (i.e. there was no retention time) to
reach constant values in all mining solutions (Figures 4b
and 4d). In PLSI, ¢,,,, from the tensile and puncture tests
decreased to 12% and 50% of the initial value, after 21 and
16 months, respectively. In PLS2 and PLS3, the trend was
similar to PLSI since ¢,,,, from both tests decreased to
almost the same values as in PLS1, but the decrease was
faster in PLS3 and PLS2 than in PLS1. Thus, similar to
the tensile strength and puncture resistance, incubation in
alkaline solutions (PLS2 and PLS3) showed higher

degradation rates in tensile and puncture elongations at
the maximum (peak) strength/force at 70°C than the
acidic media (PLS1). Comparing the degradation in the
mechanical properties in the mining solutions to those
reported in DI water by Samea and Abdelaal (2023) for
the same BGM shows that the degradation rates in DI
water were slightly slower than in alkaline solutions but
faster than those in the low pH solution. This shows that
incubation in the acidic solution was the least aggressive
media on the mechanical properties of the BGMs.

3.3. Discussion of BGM ageing mechanism in different
mining solutions at elevated temperatures

Due to the exposure of the BGM to elevated temperatures,
dissolved oxygen, and chemical constituents of the
solutions at extreme pH, oxidative degradation of the
BGM was observed in all mining solutions that resulted in
changes in its chemical and rheological properties. The
degradation of the BGM involved oxidation of the
bitumen coat (increase in Ic=o), and chain scissioning
of the SBS copolymer (decrease in Isgs), that led to an
increase in the bitumen rigidity (increase in G* and
decrease in ) and crosslinking of the bitumen molecules
(change in T,). However, the degradation of these
properties in all the mining solutions with different pHs
was substantially lower than the degradation observed for
the same BGM in air at 70°C that was examined by
Samea and Abdelaal (2023). This implies that among all
factors contributing to the degradation of the bitumen
coat, air exposure (i.e. exposure to oxygen) has the highest
effect on its oxidative degradation.

For the different aqueous solutions at 70°C, increasing
the pH from 0.5 to 11.5 affected the degree of ageing of
the bitumen coat. Based on a student’s 7-test analysis of
the degradation in the different chemical and rheological
properties at different incubation times, the difference in
the degradation in these properties was statistically
insignificant (at a 95% confidence level) in DI water and
the two alkaline solutions (i.e. PLS2 and PLS3). However,
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Figure 4. Variation in mechanical properties in the machine direction with incubation time at 70°C in DI-water, PLS1, PLS2, and PLS3:
(a) maximum (peak) tensile stress; (b) elongation at (maximum) tensile strength; (¢) maximum (peak) puncture force; (d) elongation at
maximum puncture force. Error bars represent tstandard deviation of measured values. Data in DI-Water are from Samea and Abdelaal

(2023)

the degradation obtained in the acidic PLS1 was slower
(at a 95% confidence level) than in both the DI water and
the alkaline solutions. This can be attributed to the
formation of more oxygenated species with high molecu-
lar weight and polarity in the alkaline media and DI water
(pH~6.5) than in the acidic media that increased the
stiffness and rigidity of the bitumen (Pang et al. 2018;
Wang et al. 2019b; Ding et al. 2022).

With such relatively low degradation in the bitumen coat
in all mining solutions (relative to air ageing), the BGM
exhibited degradation in its mechanical properties in the
three mining solutions. This degradation in the mechanical
properties of the BGM was similar to the degradation of
the NW-GTX samples which were separately immersed in
the three mining solutions at 70°C (Figure 5) and can be
attributed to the hydrolysis of its polyester fibres (Samea
and Abdelaal 2023). This shows that the chemical
constituents of these solutions can interact with the
coated and bitumen impregnated NW-GTX of the BGM
and result in its degradation even with a slightly degraded
bitumen coat (even in PLS1) and despite the effectiveness
of sealing the edges of the BGM coupons (discussed in
Section 2.3). This implies that, at elevated temperatures, the

bitumen coat offered limited protection to the reinforce-
ment layer in the mining solutions irrespective of their pHs,
and resulted in the degradation in the mechanical
properties of the BGM.

While the chemical constituents of all the solutions
can interact with the NW-GTX of the aged BGM, the
degradation rates of the mechanical properties of the BGM
were faster in the alkaline solutions than in the low pH
solution at 70°C (at the 90% confidence level). The faster
degradation in mechanical properties of the BGM in the
alkaline solutions can be attributed to the higher changes
in the morphology and molecular weight of the polyester
fibres in the alkaline media than in the acidic media
(Nguyen-Tri ez al. 2014). In this case, the rate of degradation
in mechanical properties of the BGM depends on the
resistance of the polyester NW-GTX to degradation,
notwithstanding the subtle degradation of the bitumen
coat. Overall, the degradation behaviour of the BGM in
solutionswith pH 0.5, 6.5 (i.e. DI water), 9.5, and 11.5 shows
that the degradation of the BGM properties was slower in
the low pH solution than in the DI water or the alkaline
solutions examined. Additionally, increasing the pH from
6.5 to 11.5 resulted in a statistically insignificant increase
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Figure 5. Variation in normalized (aged values/initial values) tensile properties of BGM Vs. NW-GTX at 70°C in the machine direction
with incubation time for (a) maximum (peak) tensile stress in PLS1; (b) elongation at (maximum) tensile strength in PLS1; (¢) maximum
(peak) tensile stress in PLS2; (d) elongation at (maximum) tensile strength in PLS2; (¢) maximum (peak) tensile stress in PLS3;

(f) elongation at (maximum) tensile strength in PLS3

in the oxidative degradation of the bitumen coat and the 22, 40 and 55°C, in addition to the 70°C discussed in the
degradation of the mechanical properties of the BGM. previous sections. For the chemical and rheological

properties of the BGM in PLS1 at temperatures below
3.4. Effect of incubation temperature on the different 70°C, oxidative degradation in the bitumen coat was only
properties of the BGM observed at 55°C based on the changes in the values of T,
To establish the degradation rates in the different  Ic=o and Isgs (Figure 6). However, the changes in the
properties of the BGM, the coupons were incubated at  bitumen rigidity implied from the changes in G* and ¢
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Figure 6. Variation in chemical and rheological properties with incubation time at different temperatures in PLS1 for (a) glass transition
temperature; (b) complex shear modulus; (c) phase angle; (d) Ic=o; (e) Isps

were relatively low at all temperatures, including the 70°C.
For PLS2 (Figure 7) and PLS3 (Figure 8), changes in the
chemical structure of the bitumen obtained from the 7,
Ic—o and Iggg results were observed at all incubation
temperatures except for 22°C. For the changes in the
bitumen rigidity, there was a similar increase in G* values
at all incubation temperatures except for 22°C while
changes in ¢ were only observed at 55 and 70°C. These
results show that the changes in the bitumen rigidity in the
three mining solutions took place after the oxidative
degradation of the bitumen coat inferred from the changes
in Ty, Ic=o and Iggs. The results of the chemical and
rheological properties at different temperatures emphasize
the higher resistance of the bitumen to the acidic solution

than the alkaline solutions that showed degradation at
temperatures as low as 40°C during the 26 months of
incubation.

The effect of temperature on the mechanical properties
was evaluated based on the tensile properties only given
the smaller size of the samples relative to the puncture test.
In all three incubation media, the decrease in tensile
strength was only observed at 70°C, while at 55°C and
lower temperatures, the strength was retained at the initial
values during the 26 months of incubation (Figures 9a, 9c
and 9e). For ¢,,,,, degradation was observed at 55°C in all
three mining solutions reaching 91, 82 and 74% of the
initial values at the end of the incubation period in PLSI,
PLS2 and PLS3, respectively (Figures 9c, 9d and 9f).
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The faster degradation of ¢,,,, than the strength can be
attributed to an increase in the bitumen rigidity at 55°C
that affected the elongations but contributed to the
retention of the tensile strength of the BGM (Samea
and Abdelaal 2023). Overall, degradation in ¢,,,, was
faster in PLS3 and PLS2 than in PLS1 at 55°C, similar
to the 70°C due to the higher changes in the G* and ¢ in
the high pH solutions than in the low pH solution.

3.5. Arrhenius modelling and nominal failure predictions

Nominal failure of the BGM as a liner material can be
reached either when the BGM loses its mechanical
properties or when the bitumen coat loses its viscoelastic
characteristics (i.e. reaches brittleness). This is because,
under field stresses, the BGM may rupture when degrad-
ing to such low mechanical resistance and hence lose its

hydraulic barrier function. Likewise, the brittleness of the
bitumen coat due to ageing may result in its cracking
under field stresses. Although Samea and Abdelaal (2023)
showed for a highly degraded bitumen coat that these
cracks did not propagate with the full thickness of the
BGM, it is expected that they could result in a reduction in
the waterproofing characteristics of the BGM and the
direct exposure of the reinforcement layers to the solution
that could accelerate their degradation. Thus, Samea and
Abdelaal (2023) proposed that time to nominal failure
(tng) for BGMs can be established as the time taken for
either a mechanical property to reach 50% of the
minimum value specified by the manufacturer or the
bitumen coat to reach brittleness.

For the mechanical properties, nominal failure was
assessed based on the tensile ¢,,,, since it showed faster
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temperature; (b) complex shear modulus; (c) phase angle; (d) Ic=o; (€) Isps

degradation than the tensile strength and hence shall
result in more conservative estimates of BGM degradation
times. Additionally, the puncture ¢,,,, was not used since
the degradation in mechanical properties was assessed
based only on the tensile properties at the different
temperatures as discussed in Section 3.4. However, the
results at 70°C show that the fnf assessed based on the
tensile ¢,,,, reaching 50% of the minimum value specified
by the manufacturer (i.e. 0.5 X 33 mm) was similar to the
tnF assessed based on the puncture g,,,, reaching 50% of
the initial value (Figures 4b and 4d). Thus, it is expected
that these two index properties should result in the same
estimates of the #yf at the lower temperatures.

For the time to brittleness, the #ng was assessed based on
the chemical and rheological properties reaching the values
measured at the time the BGM exhibited brittleness in the

bitumen coat. According to Samea and Abdelaal (2023),
when the same BGM was exposed to air at different tem-
peratures, the measured values of G*, § and Ic=o at the
brittleness of the bitumen were 640 kPa, 20° and 0.035,
respectively. Although in the current study these values
were not reached by the end of the incubation time, the
best fit lines (i.e. the degradation rates) established in the
current study for these properties (Figures 6-8) were used
to predict the time at which G*, § and I--p reach these
values at the different experimental temperatures.

The degradation rates obtained from the slope of
degradation curves of ¢,,., G*, J and Ic=o at the
different experimental temperatures in PLS1, PLS2, and
PLS3 (Table 4) were used to extrapolate the degradation
at lower field temperatures. This was done using
Arrhenius modelling that was previously used in

Geosynthetics International, 2024, 31, No. 5

Downloaded by [ Monash University] on [28/10/24]. Copyright © ICE Publishing, al rights reserved.



Chemical durability of bituminous geomembranes ( BGMs) in heap leach pad applications 517

40
£
4
=3
a
o
@
Q@
7]
c
Qo
X
O
=
| —»— 70°C
O....l....l....l....l....l;...l
(a)
40
- PLS2
£ % )
b4
3
(2]
(7]
9 L
® 20
<@ L
‘0
f
Qo
><' -
S 10 f-—4--22C
I — — — 40°C - v
[ ——=— — 55°C o
| ——»—— 70°C
0 2 g1 . P Y 1 1
(c)
40
i PLS3
; i
30
g -
4
=3
g L
o 20
> L
Q@
7]
c
Q L
< o fL-—%-- 22
< 10
g p——+— 40C r v
[ ——8—— 55°C
| —»— 70°C *
0..1;1----1....l;;..l--..l....]
0 5 10 15 20 25 30

Incubation duration (months)

(e)

60
50 %
40
30

20 F

Elongation at max. tensile strength (mm)

60

50

40

30

20

Elongation at max. tensile strength (mm)

Al'lljjllllllllll’j?llllllj]

(d)

__ 60
€ PLS3
£ . : T__i__ = X
5 '*-h._!__hé L]
8 ~——_ &
o 40 ——E_
2 =
C
Q
= 30
x
(]
=
T 20
c
2 ———4-—— 22°C
(] 0,
S ,of——+— 40°C
2 —.—8—— 55°C =
—y— 70°C E 3
O--..I.-;;l---.l....I;?-gl-...l
0 5 10 15 20 25 30

Incubation duration (months)

®

Figure 9. Variation in tensile properties in the machine direction with incubation time at different temperatures for (a) maximum
(peak) tensile stress in PLS1; (b) elongation at (maximum) tensile strength in PLS1; (c) maximum (peak) tensile stress in PLS2;
(d) elongation at (maximum) tensile strength in PLS2; (¢) maximum (peak) tensile stress in PLS3; (f) elongation at (maximum)

tensile strength in PLS3

polymer/geosynthetics and bitumen research (e.g.
Koerner et al. 1992; Mastrofini and Scarsella 2000; Rek
and Barjaktarovi¢c 2002; Lesueur 2009; Jin et al. 2011;
Naskar et al. 2012; Wang et al. 2019b). The Arrhenius
equation can be written as:

In(s) = In(4) — (%) G) (3)

where s, degradation rate (month_l); T, absolute temp-
erature (K); A, constant called a collision factor
(month™!); E,, activation energy (J-mol™'); R=8.314
(J'mol~!*K!) is the universal gas constant.

Different Arrhenius plots (Figure 10) were used to
separately establish the degradation rates for the chemical
and rheological properties related to the bituminous com-
ponent and for the mechanical properties related to the
geosynthetic component (i.e. NW-GTX). This is because
Equation (3) cannot be used to predict the overall
degradation in a multi-component material such as
BGMs involving different reaction rates related to the
different degradation mechanisms in its different com-
ponents (Samea and Abdelaal 2023).

Based on the data available at the time of writing, the
Arrhenius plots for ¢, (in all three solutions), ¢ (in PLS2
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Table 4. Degradation rates of the BGM samples immersed in different mining solutions

Abdelaal and Samea

Solution Property Degradation rates at different temperatures (month ™)
22°C 40°C 55°C 70°C

PLS1 Emax NR NR 0.2 1.9

G* NR NR 0.33 0.85

3 NR NR NR NR

Ic—o NR 0.00004 0.00008 0.00025
PLS2 Emax NR NR 0.45 2.9

G* NR 1 3.65 6

0 NR NR 0.245 0.65

Ic=o NR 0.00008 0.00028 0.00055
PLS3 Emax NR NR 0.55 32

G* NR 1.2 4.5 7

1 NR NR 0.34 0.72

Ic-o0 NR 0.00009 0.00032 0.00065
DI water® Emax NR NR 0.45 22

G* NR 1 3.5 5

1 NR NR 0.25 0.50

Ic-0 NR 0.000068 0.00025 0.00045

NR = Degradation in properties was not reached during the current study.
#Data in DI-Water are from Samea and Abdelaal (2023).

and 3) and G* (in PLSI) were established based on two
temperatures only. Since Arrhenius plots established based
only on two elevated temperatures are approximate and
could result in shorter predictions at lower temperatures (i.e.
conservative), the activation energies (i.e. the slopes of the
Arrhenius plots) were assumed to be similar to the values
reported in Samea and Abdelaal (2023) until more data
become available. These activation energies were established
for the same properties of the same BGM when immersed
in the air based on three or more elevated temperatures.
This assumption resulted in a coefficient of determination
(R*)<1 for all three properties (as indicated in Figure 10)
despite having two data points for the Arrhenius plots. For
G* (in PLS2 and 3) and Ic=0, the Arrhenius plots were
established based on three temperatures, and hence the best
fit line gave R? greater than 0.95 with a range of activation
energies that varied from 54 to 57 kJ-mol™".

The estimated fwg of the BGM in the three PLS is
shown in Table 5 for different field temperatures between
5 and 85°C. In general, the fyf based on ¢,,,, (i.e. values
reaching 50% of the minimum value specified by the
BGM manufacturer) was shorter than the predictions
based on the time to the brittleness of bitumen coat (i.c.
G*, 0 and Ic=o reaching the values at brittleness) in all
mining solutions at different temperatures. For example,
in PLS2 at 10°C #yg was 130, 350, 300, and 320 years,
based on ¢,,,,, G*, § and Ic=o, respectively. For the tng
based on ¢,,, in different solutions, the predictions at
10°C were 230, 130, and 110 years, for PLS1, PLS2 and
PLS3, respectively. For the #yfr at the same temperature
based on the brittleness in the bitumen coat, the shortest
predictions among G*, 6 and Ic-o were 670 years in
PLSI, 300 years in PLS2, and 230 years in PLS3. Thus,
based on the different nominal failure criteria, the
predictions established based on the current data show
substantially better durability of the BGM in low pH
solutions than in high pH at low field temperatures.

3.6. Implications for the time to nominal failure of BGMs
in heap leach pads

While the design life of heap leaching operations is
typically around 10 years (Breitenbach 2005; Ghorbani
et al. 2016), some facilities have been operating for more
than 20 years with several leaching cycles (Breul et al. 2008;
Lupo 2010). With such a relatively short design life (relative
to waste containment applications), heap leaching oper-
ations may require temperatures at or above 50°C to
maximize the metal recovery (Thiel and Smith 2004;
McBride et al. 2018). However, higher (>70°C) and lower
(<10°C) temperatures were also reported for some heap
leaching applications (Breul ez al. 2008; Steemson and
Smith 2009; Abdelaal ef al. 2011; Sinho and Smith 2015).
Given such variation in the heap leaching operating
temperatures, the predictions reported in Table 5 highlight
the need for considering the expected liner temperature
when selecting BGMs for the primary liner material to
meet the required design life of heap leach pads. For a
low-temperature application (e.g. at 10°C), both high pH
and low pH solutions gave predictions greater than 100
years based on the different nominal failure criteria of the
BGM. Hence, at such low liner temperatures, BGMs could
be suitable for long leaching cycles or long design lives. At a
liner temperature of 50°C, predictions based on the
degradation in the mechanical properties (i.e. &,,,,) were
less than the typical design life of heap leach pads of 10
years for the three examined solutions with different pHs.
However, the average nominal failure of the BGM based on
the time to brittleness of the bitumen coat (i.e. the average
of the predictions based on G*, § and, Ic=p) that can
potentially affect its water tightness was 118 years for PLS1,
15 years for PLS2, and 13 years for PLS3. This shows that
if the tensile strains in the field were limited to the values
that do not induce long-term ruptures in the aged BGM
with such low mechanical resistance (e.g. using thick
protection layers to limit gravel indentations), the BGM
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Figure 10. Arrhenius plots of the elongation at (maximum) tensile strength (¢,,,,), complex shear modulus (G*), phase angle (J), and
carbonyl index (Ic=p) for the samples immersed in (a) PLS1; (b) PLS2; (c) PLS3 (based on data collected at 22, 40, 55, and 70°C)
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Table 5. Predicted time to nominal failure (¢xr) of the BGM samples immersed in the different mining solutions in years (rounded to two

significant digits)

T (OC) INF (Years)
PLSI PLS2 PLS3

Emax G* é IC:O Emax G* 0 IC:O Emax G* 0 IC:O
5 360 >1000 — >1000 200 530 480 495 170 420 370 380
10 230 >1000 — 670 130 350 300 320 110 280 230 250
20 100 >1000 — 310 55 160 120 140 45 130 90 110
30 45 900 — 150 25 80 50 65 20 65 40 55
40 20 400 — 75 11 40 22 30 9.7 35 17 25
50 10 195 — 40 5.6 20 10 16 4.8 17 8 13
55 7.2 135 — 30 4.0 15 7.2 11 3.5 12 5.6 10
70 2.8 50 — 12 1.6 6.5 2.6 4.6 1.3 5.5 2 4.1
85 1.2 20 — 5.4 0.7 3.0 1.1 2 0.6 2.5 0.8 1.8

Numbers in bold show the property governing the time to nominal failure.
For ¢,,,,, time to nominal failure was established based on the time to reach 50% of the minimum value specified by the manufacturer.
For G*, §, and Ic=o, time to nominal failure was established based on the time to the brittleness of the bitumen coat when the values reach 620 kPa, 20°,

and 0.035, respectively.

may meet the typical design life of heap leach pads of 10
years without losing its hydraulic barrier function.

The predicted #yg given in Table 5 is for the BGM
immersed in synthetic mining solutions. It has been shown
that degradation times are substantially longer in a
composite liner than in the double-sided immersion that
was used in the experiments discussed herein (e.g. Rowe
and Rimal 2008; Rowe et al. 2013). Thus, while the
predictions presented are considered conservative esti-
mates of nominal failure, they should not be considered
as the service life of the BGM in the field since the stresses
on the liner were not simulated in the immersion tests.
However, these predictions show superior chemical dura-
bility of BGMs in acidic solutions than in alkaline
solutions. Additionally, they highlight the need for limit-
ing the tensile strains in the field in high stress applications
due to the relatively fast degradation in the mechanical
properties of the BGM than the chemical and rheological
properties, especially at elevated temperatures.

4. SUMMARY AND CONCLUSIONS

The effect of incubation in solutions simulating low and
high pH mining applications on the degradation behav-
iour of a 4.8 mm thick elastomeric BGM was investigated
at four different temperatures (22, 40, 55, and 70°C)
using oven immersion tests. The low pH (PLS1pH 0.5)
stimulates the PLS found in copper, uranium, and nickel
heap leaching while the two high pH (PLS2pH 9.5 and
PLS3pH 11.5) solutions simulate the range of pHs and
chemistries of gold and silver heap leaching. Tensile
and puncture tests were used to characterize the degra-
dation behaviour of the BGM reinforcement layers, while
the rheological and chemical properties of the bitumen
coat were assessed using MDSC, DSR and FTIR. For the
BGM and conditions examined herein, the following
conclusions were reached:

(a)

()

(©)

(d)

(e)

Exposure to aqueous solutions at elevated
temperatures resulted in faster degradation in the
mechanical properties of the BGM than the
degradation in rheological and chemical properties
of the bitumen coat. This was attributed to the faster
degradation of the NW-GTX by hydrolysis in the
high or low pH mining solutions than the oxidative
degradation of the bitumen coat.

The degradation in both the bitumen coat and

the mechanical properties of the BGM in the
different mining solutions was slower in PLS1pH 0.5
than in DI water, PLS2, and PLS3 with pH 6.5, 9.5
and 11.5, respectively. Thus, the examined SBS
modified BGM had higher resistance to degradation
in acidic environments than neutral and alkaline
media.

Increasing the pH from 6.5 (DI water) to 9.5 and 11.5
(PLS2 and PLS3) resulted in a statistically
insignificant increase in the degradation of the
chemical, rheological and mechanical properties

of the BGM. This shows that increasing the pH
within this range had a slight effect on the
degradation of the bitumen coat and the NW-GTX
reinforcement layer.

The degradation in the mechanical properties of the
NW-GTX that was used in the manufacturing of the
BGM and separately immersed in the three mining
solutions was similar to the degradation of the
BGM. Thus, even with the relatively low
degradation in the bitumen coat at early incubation
times and sealing the edges of the coupons, the
solutions interacted with the coated and bitumen
impregnated NW-GTX of the BGM resulting in its
degradation.

Predictions of the time to nominal failure of the
BGM at typical heap leaching field temperatures
between 10 and 50°C based on the degradation in
the tensile elongation ranged from 230 to 10 years in
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PLSI1, 130 to 5.6 years in PLS2, and 110 to 4.8 years
in PLS3. The average time to brittleness based on
the different rheological and chemical properties
ranged from 835 to 120 years in PLSI, 325 to 15
years in PLS2, and 255 to 13 years in PLS3.
Although these predictions show the higher
resistance of the BGM to the acidic solution than
alkaline solutions, they highlight the significant
effect of elevated temperatures on the long-term
performance of BGMs in all the solutions
examined.

(f) To ensure better long-term performance of the
BGMs in heap leaching applications, the long-term
tensile strains in the BGMs should be limited due to
the relatively fast degradation in the mechanical
properties of the BGM than the chemical and
rheological properties, especially at elevated
temperatures. In this case, the time to brittleness is
expected to govern the nominal failure of the BGM
in the field in the different mining solutions before
losing its hydraulic barrier function.

This study presented insights into the long-term perform-
ance of a particular elastomeric BGM in simulated heap
leaching solutions. The experiments only involved the
double-sided exposure of the BGM to solutions without
the application of any stresses. While they present
aggressive chemical exposure conditions relative to the
single-sided exposure in the field (Rowe and Rimal 2008),
the service life of the BGM in the field (i.e. loss of the
hydraulic barrier function) can be shorter or longer than
the predictions presented herein. This is because the
service life of the GMB depends on the magnitude of the
long-term stresses and strains in the field and whether they
can induce ruptures in the liner at such low resistance of
the GMB after degradation (Rowe et al. 2013; Abdelaal
et al. 2014).
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NOTATION

Basic SI units are shown in parentheses.

0 phase angle (°)
elongation at the maximum (peak) strength/force
(mm)
G* complex shear modulus (Pa)
Ic=o carbonyl index (dimensionless)
Isgs butadiene index (dimensionless)
T, glass transition temperature (°C)

8’71(1)6

ABBREVIATIONS

ASTM  American Society for Testing and Materials
BGM  bituminous geomembranes
DI deionized

DSR  dynamic shear rheometer
FTIR Fourier transform infrared spectroscopy
GMB geomembranes
LVE linear viscoelastic
MDSC modulated differential scanning calorimetry
NW-GTX nonwoven polyester geotextile
PLS pregnant leach solution
RCS  refrigerated cooling system

SBS styrene-butadiene-styrene
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