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A B S T R A C T   

The effect of elevated temperatures on the degradation of an elastomeric bituminous geomembrane (BGM) when 
exposed to air and deionized (DI) water at temperatures between 22 and 85 ◦C is investigated using immersion 
tests. The changes in the mechanical, chemical and rheological properties of the BGM are examined over 
approximately two years under different ageing conditions. It is shown that the BGM exhibited different 
degradation rates in its different components when exposed to elevated temperatures that are dependent on the 
incubation media. In air, the BGM exhibited thermo-oxidative degradation in the elastomeric bituminous coat 
that changed the bitumen glass transition temperature and increased its rigidity. Further degradation led to the 
brittleness of the bitumen coat before any degradation in the tensile and puncture strengths of the BGM. In 
contrast, exposure to DI water resulted in faster degradation of the mechanical properties of the BGM, while the 
bitumen coat exhibited substantially less degradation than in air. Arrhenius modelling is used to estimate the 
degradation times of the BGM at a range of field temperatures for both media.   

1. Introduction 

Geomembranes are extensively used as part of the barrier systems in 
bottom liners and cover of different geoenvironmental applications to 
prevent the migration of liquids and gases to the surrounding environ
ment. Most of these facilities are lined with polymeric geomembranes 
such as linear low-density polyethylene, high-density polyethylene, 
polyvinyl chloride, and polypropylene. This has led to extensive 
research targeting their short-term and long-term performances (espe
cially for high-density polyethylene) over the last two decades (e.g., 
Abdelaal et al., 2014b; Abdelaal and Solanki 2022; Cazzuffi and Gioffrè 
2020; Eldesouky and Brachman 2020; Marcotte and Fleming 2020; 
Müller, 2007; Rowe et al., 2020; Rowe and Sangam 2002; Rowe and Fan 
2021, 2022; Scheirs 2009; Stark et al., 2020; Tian et al., 2018; Touze-
Foltz et al., 2021; Vahidi et al., 2020). Bituminous geomembranes 
(BGMs) are also considered a strong candidate for the liner material in 
these applications due to their high puncture resistance, high mechan
ical properties, relatively high density, and low coefficient of thermal 
expansion (Peggs 2008). While historically the use of BGMs has been 
largely limited to dams, canals, and potable water reservoirs, more 
recently, they had been used to line mine tailings ponds, heap leach 

pads, and other geoenvironmental applications (Lazaro and Breul 2014; 
Peggs 2008). However, there is a paucity of research examining the 
long-term performance of BGMs in these different geoenvironmental 
applications. Additionally, there are no specifications to qualify the 
acceptance of BGMs for use in barrier systems of these geoenvironmental 
applications similar to those available for polymeric geomembranes (e. 
g., GRI-GM13, 2021). Thus, there is a need for extensive research into 
the long-term performance of BGMs to ensure their proper use in these 
applications to provide the desired environmental protection. 

2. Background 

BGMs are manufactured by impregnating a reinforcement layer 
typically comprising a nonwoven polyester geotextile (NW-GTX) and a 
glass fleece sheet with bitumen (Bannour et al., 2013). This reinforce
ment layer essentially provides the mechanical properties, while the 
bitumen provides the waterproofing properties of the BGM. Another 
bitumen layer is used as a tack coat to increase the geomembrane 
thickness and protect the impregnated reinforcement layers from ther
mal, UV, and chemical degradation during manufacturing and service 
(Daly and Breul 2017). The top surface of the BGM is typically sanded to 
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increase the interface friction between the BGM and the overlying liner 
materials, while the bottom side is bonded to a polymeric film to prevent 
the adhesion of the turns of the BGM roll during storage and potentially 
protect the BGM from upward root penetration during service (Lazaro 
and Breul 2014; Touze-Foltz and Farcas 2017). Due to the high sensi
tivity of the bitumen to temperature variations (Petersen 1998), 
oxidized (treated by blowing hot air) bitumen was historically used for 
the production of BGMs. Currently, most of the BGMs available in the 
market involve stabilized bitumen with elastomers such as 
Styrene-Butadiene-Styrene (SBS) copolymer (Scheirs 2009). These 
modifications increase the workable range of temperature of the 
bitumen by reducing the low-temperature brittleness and increasing its 
flow temperature ranges (Hunter et al., 2015; Touze-Foltz and Farcas 
2017). 

Many aspects of the performance of BGMs as the liner material in 
geoenvironmental applications rely on the characteristics of the bitumen 
(Touze-Foltz and Farcas 2017). As a mixture of oligomeric hydrocar
bons, the bitumen typically comprises 80–88% carbon and 8–12% 
hydrogen with one or more nitrogen, sulfur, and oxygen heteroatoms 
(Lesueur 2009). This complex structure of the bitumen can be classified 
into four classes of compounds; saturates, aromatics, resins, and 
asphaltenes (SARA compounds; Aske et al., 2001; Corbett 1969; Ding 
et al., 2022; Hofko et al., 2017; Hunter et al., 2015; Masson and Polo
mark 2001). Previous studies (e.g., Corbett 1969; Dealy 1979; McKay 
et al., 1978; Sultana and Bhasin 2014; Wang et al., 2019b) showed that 
the rheological properties of bitumen are highly dependent on the SARA 
fractions. For example, these studies showed that increasing the 
asphaltene content (high polarity and molecular weight fractions) in
creases the stiffness and rigidity while increasing the other SARA com
ponents increases its viscosity. Thermo-oxidative degradation can alter 
the composition of these SARA fractions (e.g., increase the asphaltenes) 
that can change the ductility, glass transition temperature, and stiffness 
of the bitumen with time (e.g., Bachir et al., 2016; Fernández-Gómez 
et al., 2014; Lu and Isacsson 2002; Yu et al., 2014). Hence, investigating 
the changes in the bitumen composition or its chemical, mechanical, and 
rheological properties (that imply changes in its structure) can allow the 
assessment of their degradation (Hofko et al., 2017; Mouillet et al., 
2011; Tauste et al., 2018; Touze-Foltz and Farcas 2017) and is essential 
to ensure the longevity of the BGM under field conditions. 

Previous studies that investigated the durability of bitumen binders 
have focused on their photo and thermal degradations to assess the 
lifetime of asphalt pavements (e.g., Aguiar-Moya et al., 2017; Mouillet 
et al., 2011; Kaya et al., 2020; Lu et al., 2008). In the laboratory, these 
studies simulated thermal oxidation in the short-term using the rolling 
thin film test (RTFOT) by ageing the bitumen at 163 ◦C for 85 min. To 
simulate the long-term ageing conditions, the pressure ageing vessel 
(PAV) is used to age the bitumen at 100 ◦C under 2.1 MPa for 20 h (e.g., 
Lu and Isacsson 2002; Mirwald et al., 2020; Puello et al., 2013; Tauste 
et al., 2018). However, these test methods designated for pavements 
cannot simulate the aggressive long-term ageing conditions of the BGM 
liner in different geoenvironmental applications that differ from asphalt 
applications in terms of exposure to contaminants and elevated tem
peratures, longer required design life, and inaccessibility for repairs. 

Attempts to investigate the long-term performance of BGMs in geo
environmental applications have been limited to examining field 
exhumed samples. For instance, Addis et al. (2013) reported a failure of 
the BGM liner in a tailings storage facility after several months from 
installation and tailings deposition. Thermal imaging showed surface 
temperatures of the exposed BGM reaching 86.2 ◦C and the tensile tests 
conducted on exhumed samples revealed a decrease in the tensile 
strength, especially at the seamed BGM locations. Thus, the combination 
of the elevated temperatures and tensile stresses seemed to cause the 
BGM degradation and failure. Touze-Foltz and Farcas (2017) investi
gated the performance of elastomeric BGMs, aged for up to 30 years in 
water ponds at two different sites (with the average annual temperature 
ranging from 6.1 to 15.3 ◦C) in France. They showed that for the samples 

above the water line exposed for 30 years, the SBS copolymer was 
entirely consumed within the first microns from the surface, although it 
was still present at the core. Tensile test results showed that the me
chanical properties of the core reinforcements were not affected after 30 
years. It was concluded that after 30 years of exposure to water reservoir 
applications, the BGM maintained the same waterproofing characteris
tics as a virgin BGM. These two studies show how the service conditions, 
including the field temperature, can affect the service life of BGMs in 
geoenvironmental applications. 

While these studies presented the first attempts to understand the 
performance of BGMs in the field for up to 30 years, extensive laboratory 
accelerating ageing studies are still needed to enable the understanding 
of their longer-term degradation behaviour and predict their longevity 
at field temperatures. This is essential to ensure that the BGM can pro
vide adequate environmental protection during the design life of the 
different geoenvironmental applications that can range from decades to 
several centuries. Thus, the first objective of this study is to investigate 
the thermo-oxidative degradation of an elastomeric BGM at different 
temperatures when immersed in air and deionized (DI) water and its 
effect on the mechanical, chemical, and rheological properties of the 
BGM. The second objective is to use this data at elevated temperatures to 
predict the degradation in these properties at lower field temperatures 
using time-temperature superposition modelling. 

3. Experimental investigation 

3.1. Materials examined 

The 4.8 mm thick BGM examined was manufactured with SBS 
modified bitumen and reinforced using a polyester NW-GTX and a glass 
fleece layer with mass per unit area of 275 and 50 g/m2, respectively. 
Table 1 shows the initial properties of the BGM while Table 2 shows the 
initial properties of the NW-GTX used in the formulation of the BGM 
examined. In general, the initial mechanical properties of the BGM were 
different from those for NW-GTX given the different ASTM index tests 
designated for assessing their initial properties with different sample 
sizes and loading rates. 

Table 1 
BGM initial properties (mean ± standard deviation).  

Propertya Method BGMb 

Designator – TERANAP 531 TP 
4M 

Nominal Thickness (mm) ASTM 
D5199 

4.8 ± 0.120 (4.6) 

Mass Per Unit Area of the Glass fleece 
Reinforcement (g/m2) 

– 50a 

Mass Per Unit Area of the Nonwoven Geotextile 
Reinforcement (g/m2) 

ASTM 
D5261 

275a 

Mass Per Unit Area of the BGM (g/m2) ASTM 
D5261 

5410c 

Machine Direction Maximum Tensile Strength (kN/ 
m) 

ASTM 
D7275 

33.1 ± 0.422 
(25.5) 

Machine Direction Elongation at Maximum Tensile 
Strength (mm) 

ASTM 
D7275 

51 ± 1.8 (33) 

Cross Machine Maximum Tensile Strength (kN/m) ASTM 
D7275 

29.5 ± 0.887 (23) 

Cross Machine Elongation at Maximum Tensile 
Strength (mm) 

ASTM 
D7275 

52 ± 1.5 (35.7) 

Puncture Resistance (N) ASTM 
D4833 

690 ± 41.91 
(555) 

Puncture Elongation at Puncture Resistance (mm) ASTM 
D4833 

14.35 ± 0.933 

Glass Transition Temperature (of the Bitumen Tack 
Coat) (oC) 

ASTM 
E2602 

− 24.2 ± 1.48  

a 10 replicates were examined for each property. 
b Values in parentheses show the minimum specified value by the manufac

turer for this BGM. 
c Values from the manufacturer datasheet. 
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3.2. Accelerating ageing method 

Jar immersion technique (coupons of the geomembrane immersed in 
a jar filled with a synthetic solution and separated using glass rods) is 
typically used to accelerate the ageing of geomembranes in the labora
tory at elevated temperatures (e.g., Abdelaal et al., 2019; Ewais et al., 
2014, 2018; Hsuan and Koerner 1998; Müller and Jacob 2003; Rowe and 
Ewais 2014). Since the stresses on the liner and the composite liner 
exposure conditions cannot be simulated in these tests, the service life of 
the geomembrane that is related to the loss of its hydraulic barrier 
function (i.e., time to rupture) cannot be directly estimated from im
mersion tests. However, these tests can be used to assess the degradation 
times in the different properties of the geomembrane until the nominal 
failure of the material is reached. Time to nominal failure for geo
synthetics is typically assessed as the time taken for a geomembrane 
property to decrease to 50% of the initial or the specified value (Hsuan 
and Koerner 1998; Rowe et al., 2009) and hence it can be used to 
examine the effects of the field exposure conditions on the chemical 
durability of the geomembrane. 

Due to the multi-component nature of the BGMs, cutting small 
coupons from the roll in immersion tests can directly expose the core 
NW-GTX to the solutions that can affect their overall degradation 
(Samea and Abdelaal 2019). While this can occur at certain locations of 
the liner in the field (e.g., seams), the core NW-GTX will not be directly 
exposed to the solution in most of the area of the BGM liner in the field. 
Thus, in this study, the 250 × 150 mm coupons of the BGM were cut and 
sealed using BGM strips that were seamed to the four edges of the 
coupon to ensure the BGM is exposed to the solution from the top 
(bitumen coat) and bottom (polymeric film) surfaces only (Samea and 
Abdelaal 2019). The sealed coupons were then incubated in stainless 
steel containers at different elevated temperatures. 

Air and DI water (Table 3) were selected as the immersion media to 
investigate the effect of elevated temperatures on the long-term per
formance of BGMs. This is because air and DI water immersion allow 
exploring the effect of elevated temperatures on the durability of BGMs 
without the other complicating factors that arise from incubation in 
complex synthetic solutions such as the reactions between the different 
chemicals, salt precipitation, or reactions of the chemicals with the 
bitumen. The BGM coupons were incubated at 40, 55, 70 and 85 ◦C in 
air, while in DI water, the immersion was conducted at room tempera
ture (≈22 ◦C), 40, 55 and 70 ◦C with a surface area of BGMs per solution 
volume of 450 cm2/L 85 ◦C was not used for DI water immersion since it 
was close to the softening point of bitumen and hence it was not possible 
to vertically place the BGM coupons in the containers. Additionally, the 
NW-GTX reinforcement used in the formulation of the BGM examined 

was incubated in DI water at room, 40, 55 and 70 ◦C to compare the 
degradation of the NW-GTX to the overall degradation of the BGM. The 
DI water was replaced every two months for both BGM and NW-GTX 
during the testing period. 

3.3. Index testing 

Different index tests were used to examine the changes in the me
chanical, chemical, and rheological properties of the BGM due to 
chemical degradation using the samples obtained from the immersion 
tests at different incubation times and temperatures. Ten different 
specimens were examined to assess the initial properties of the BGM, 
whereas lower number of specimens was examined at different incu
bation times to ensure the availability of samples during the entire 
duration of the long-term study. For the degradation in the bitumen 
coat, while it is expected that the degradation varies with the depth from 
the exposed surface (Touze-Foltz and Farcas 2017), in this study the 
chemical and rheological properties were assessed for the entire thick
ness of the bitumen coat to assess the average degradation across the 
bitumen thickness in these properties with time. 

3.3.1. Mechanical index tests 
The tensile and puncture tests were conducted to monitor the effect 

of ageing on the mechanical properties of the BGM and the core NW- 
GTX. Due to the relatively large size of the specimens, only one spec
imen for puncture and two specimens for tensile were examined at 
different temperatures to assess the degradation of the mechanical 
properties of the aged BGM with time. The tensile tests were conducted 
using a Zwick Roell universal testing machine (Model Z020) according 
to ASTM D7275. A 50 mm/min strain rate was applied to the BGM until 
rupture and the maximum stress and the corresponding elongation were 
recorded (ASTM D7275). Similarly, the tensile properties of the core 
NW-GTX were investigated using the ASTM D5035 test method at a 
strain rate of 300 mm/min. The puncture resistance of the BGM and the 
NW-GTX samples were measured using a GDS loading machine ac
cording to the modified ASTM D4833/D4833M method at a strain rate 
of 50 mm/min. The maximum force and corresponding elongation were 
recorded as the index static puncture resistance. The maximum stresses 
and corresponding elongations were used in this study for both the 
tensile and puncture properties instead of the break stress and elonga
tion because they represent the onset of the NW-GTX failure that governs 
the mechanical properties of the BGM. This also 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. 

Table 2 
NW-GTX initial properties (mean ± standard deviation).  

Propertya Method NW-GTX 

Nominal Thickness (mm) ASTM 
D5199 

1.1 ± 0.128 

Surface Mass Per Unit Area (g/m2) ASTM 
D5261 

263 ± 4.36 

Machine Direction Maximum Tensile Strength (kN/m) ASTM 
D5035 

13.4 ± 1.33 

Machine Direction Elongation at Maximum Tensile 
Strength (mm) 

ASTM 
D5035 

48 ± 3.7 

Cross Machine Maximum Tensile Strength (kN/m) ASTM 
D5035 

10.5 ±
0.866 

Cross Machine Elongation at Maximum Tensile Strength 
(mm) 

ASTM 
D5035 

55 ± 1.2 

Puncture Resistance (N) ASTM 
D4833 

627 ± 62.37 

Puncture (Break) Elongation ASTM 
D4833 

16.79 ±
0.665 

Glass Transition Temperature (oC) ASTM 
E2602 

82.86 ±
2.27  

a 10 replicates were examined for each property. 

Table 3 
Chemical constituents of DI water used in this study (mg/l 
except for pH and Langelier Index).  

Analyte DI water 

pH ~6.5 
Langelier Index (25 ◦C)a − 2.5 
Aluminum <1.0 
Ammonium – 
Calcium <0.05 
Cobalt <0.02 
Copper <0.2 
Iron <0.05 
Magnesium <0.05 
Manganese <0.05 
Nickel <0.3 
Potassium <0.2 
Sodium <1.0 
Sulfur <1.0 
Zinc <0.01 
Chloride <0.5 
Sulphate <0.1 

bCalculated according to Benefield et al. (1982). 
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3.3.2. Chemical and rheology index tests 

3.3.2.1. Modulated differential scanning calorimetry. In the asphalt 
research, the glass transition temperature (Tg) is typically used as an 
indicator of the degradation of bitumen when exposed to service con
ditions (Kaya et al., 2020; Mark et al., 2004; Puello et al., 2013; Yu et al., 
2019). In amorphous or random network materials, Tg refers to the en
ergy needed to break and recreate covalent bonds (Ojovan 2008) that 
separates between the glass-like brittle behaviour below Tg and the 
rubbery-like behaviour above Tg (Aguiar-Moya et al., 2017; Kriz et al., 
2007). Ageing can alter the thermal characteristics of polymer-modified 
bitumen, and hence its Tg due to changes in the chemical structure of the 
bitumen (Kaya et al., 2020; Wang et al., 2019a). 

In this study, a TA Instruments Modulated Differential Scanning 
Calorimetry (MDSC250) equipped with a refrigerated cooling system 
(RCS120) was used to investigate the average effect of ageing on the Tg 
of the bitumen tack coat according to ASTM E2602 test method. The 
MDSC was used instead of conventional DSCs due to its capability to 
separate overlapped reversing and non-reversing thermal events that 
occur at the same temperature range such as those involved in glass 
transition events (Masson and Polomark 2001; Verdonck 2010). 
Bore-cut specimens were initially extracted from the aged or unaged 
BGM samples, then 5–8 mg of the top layer of the specimen only 
involving the bitumen coat was cut and placed in Tzero hermetic pans 
with hermetic lids. The sealed pans were examined in the MDSC under a 
constant flow (50 mL/min) of nitrogen and heated to 170 ◦C and then 
quenched to − 110 ◦C at a rate of 10 oC/min. Then, the samples were 
reheated to 170 ◦C at a rate of 5 ◦C/min while the temperature was 
modulated with an amplitude of ±0.75 ◦C and a period of 1 cycle/min. 
For the aged BGM samples, three different specimens were examined for 
each data point to assess the change in the Tg values that reflects the 
average effect of ageing on the entire thickness of the tack coat bitumen 
only. 

3.3.2.2. Dynamic shear rheometer. An Anton Paar MCR102 Dynamic 
Shear Rheometer (DSR) was used to assess the effect of ageing on the 
rheological properties of the BGMs samples at different temperatures. 
Linear amplitude sweep tests were performed with a fixed angular fre
quency of 10 rad/s, 1 N normal force, and 0.01%–60% strain values 
using a 25 mm spindle to explore the changes with time in the complex 
shear modulus (G*) and the phase angle (δ) of the BGM. G* is defined as 
the ratio of the absolute shear stress and the resulting shear strain while 
δ is the offset between the applied shear stress and resulting shear strain 
from a dynamic oscillation measurement that can be used to charac
terize the viscous and elastic behaviour of the bitumen (Airey 2003). 
Three aged BGM specimens were examined for each data point in the 

DSR at a constant temperature of 55 ◦C to remove the potential effects of 
the test temperature on the results and to monitor the changes in G* and 
δ of the BGM with ageing at different temperatures. Both G* and δ were 
measured in the linear viscoelastic region (LVE) since their values 
remain constant at such relatively low strains (Omairey et al., 2020). 

3.3.2.3. Fourier transform infrared spectroscopy. Fourier Transform 
Infrared Spectroscopy (FTIR) technique provides information on the 
functional groups of elastomeric bitumen (Fig. 1) that change with 
ageing and hence, can be used to explore the average degradation in the 
bitumen and the SBS copolymer in the bitumen top coat (Aguiar-Moya 
et al., 2017; Durrieu et al., 2007). A solution prepared from the whole 
thickness of the bitumen coat comprising 10% bitumen by mass dis
solved in toluene, was used to prepare the samples for the FTIR tests 
(Arias, 2019; Zeng et al., 2015) to minimize the possibility of having any 
NW-GTX fibres and sand particles in the bitumen sample. The solution 
was dried on a potassium bromide (KBr) disk and four specimens were 
prepared for each data point. The specimens were tested using a Thermo 
Scientific Nicolet iS20 spectrum to scan the functional groups in the 
range of 400–4000 cm− 1 with a frequency of 32 and at a resolution of 4 
cm− 1. 

To study the effect of ageing on the functional groups of the bitumen 
and SBS copolymer, changes in the carbonyl C––O and the butadiene 
double bonds C––C characteristic bands were monitored at different 
incubation times. The C––O (centered around 1700 cm− 1) band was 
used to monitor the oxidation of the entire bitumen coat, whereas the 
C––C (centered around 968 cm− 1) band was used to monitor the 
degradation of the chain segments in the butadiene phase of the SBS. 
The carbonyl and butadiene indices were calculated using the band 
areas from valley to valley method (e.g., Lamontagne et al., 2001; 
Mouillet et al., 2008; Zeng et al., 2015) viz: 

IC=O =
AC=O
∑

Area
(Eq 1)  

ISBS =
ASBS

∑
Area

(Eq 2)  

Where; IC=O = carbonyl index, ISBS = butadiene index, AC=O = Area of the carbonyl 

band centered around 1700 cm
− 1, ASBS = Area of the butadiene band centered 

around 968 cm− 1, and ΣArea = summation of the areas of the spectral 
bands between 4000 and 600 cm− 1. 

Fig. 1. FTIR spectrum of control bitumen sample (unaged) with approximate wavenumbers and the corresponding compounds relevant to the SBS modified bitumen.  

A. Samea and F.B. Abdelaal                                                                                                                                                                                                                 

astm:E2602


Geotextiles and Geomembranes xxx (xxxx) xxx

5

4. Results and discussion 

4.1. Effect of incubation media on the mechanical properties of BGM at 
70 ◦C 

The BGM samples immersed in air and DI water at 70 ◦C showed 
different degradation behaviour in their mechanical properties (Figs. 2 
and 3). In DI water, the mechanical strengths of the BGM assessed in 
terms of the maximum (peak) tensile stress and force at puncture were 
retained at the initial values for the first 4 months. Then, the values 
linearly decreased to reach approximately 10–20% of the initial values 
after around 15 months from the start of incubation to stabilize at this 
value until the end of the incubation duration of 27 months. In air, no 
measurable changes in the tensile and puncture strengths were observed 
until the end of the incubation duration of 29 months (Fig. 2). 

For the tensile and puncture elongations measured at the maximum 
(peak) stress/force (εmax), the values decreased with time after incuba
tion in air and DI water at 70 ◦C (Fig. 3). For the tensile tests, εmax 
decreased after incubation in DI water to reach 10% of the initial values 
after around 18 months, then stabilized at this value until the end of the 
incubation. For εmax from the puncture test, the values linearly 
decreased to reach 50% of the initial value after 14 months, at which it 
was stabilized until the end of incubation. In air, εmax from the tensile 
and puncture tests decreased with time to reach 60% of the initial values 

after 29 months and hence showing slower degradation than in DI water. 
Although all the mechanical properties revealed faster degradation 

in DI water than in air, samples immersed in air started to show signs of 
brittleness in the bitumen coat after 22 months of incubation at 70 ◦C, 
while the DI water samples did not show any brittleness during the 
entire 27 months of incubation. The brittleness in the BGM samples was 
evidenced by the surface cracks developed in the bitumen tack coat only 
(i.e., did not propagate through the entire BGM thickness) when they 
were bent by hand or during the mechanical tests shortly after loading 
(Fig. 4). However, the values of the maximum stresses and corre
sponding elongations obtained for the BGM samples after 22 months in 
air were still higher than those obtained from the DI water samples at 
similar incubation times. This suggests that the brittleness in the 
bitumen coat had less effect on the mechanical properties than the 
degradaion of the BGM in DI water. 

4.2. Effect of incubation media on the chemical and rheological properties 
of the BGM at 70 ◦C 

4.2.1. Glass transition temperature 
In both air and DI water, there was a decrease in the Tg values with 

the incubation time (Fig. 5). In air, the Tg of the unaged bitumen of 
− 24.2 ◦C decreased upon incubation over the first 9 months to reach 
− 37 ◦C then stabilized at this value until the end of the incubation 
duration. In DI water, Tg was retained at the initial values for the first 7 

Fig. 2. Variation with incubation time at 70 ◦C in air and DI water in (a) 
machine direction tensile peak stress; and (b) peak puncture force. 
(Note: 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). 

Fig. 3. Variation with incubation time at 70 ◦C in air and DI water in (a) 
machine direction elongation at peak tensile stress; and (b) elongation at peak 
puncture force. 
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months then decreased linearly to reach − 37 ◦C at 27 months. Although 
similar Tg values were reached at the end of incubation in air and DI 
water, the faster decrease in Tg in air suggests that the change in the 
bitumen structure and composition due to thermo-oxidation degrada
tion was faster than in DI water at 70 ◦C. 

4.2.2. Complex shear modulus and phase angle 
Using the linear amplitude sweep test, G* and δ were monitored for 

the samples incubated in air and DI water as indicators of the changes in 
the viscoelastic characteristics of the BGM. The initial G* of the unaged 
BGM was around 112 kPa, while the initial δ was around 43◦ implying 
similar proportions of the viscous and elastic structures of the unaged 
BGM (Hunter et al., 2015). After immersion in air at 70 ◦C, G* started to 
increase whereas δ decreased during the 27 months of incubation 
(Fig. 6). Similar changes in G* and δ were measured for the samples 
incubated in DI water but at slower rates. After 27 months of incubation, 
the G* of the samples immersed in air was around four times higher than 
those incubated in DI water, whereas the δ was 1.5 times lower than 
those incubated in DI water. This increase in G* and reduction in δ due to 
ageing show that the thermo-oxidative degradation shifted the bitumen 
toward the elastic behaviour (i.e., less viscous and more solid-like 
behaviour). This can be attributed to the oxidation of the bitumen and 

Fig. 4. Photographs of the samples aged in air at 70 ◦C after 22 months: (a) samples taken out of the oven; (b) samples after bending by hand; (c) cracks in the 
bitumen coat after the tensile test. 

Fig. 5. Variation in glass transition temperature with incubation time at 70 ◦C 
in air and DI water. 

Fig. 6. Variation with incubation time at 70 ◦C in air and DI water in (a) complex shear modulus; (b) phase angle. Arrows represent the values at which the air 
immersed samples reached brittleness. 
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the volatilization of the lighter components such as the saturates and 
aromatics during ageing at elevated temperatures (Zhang et al., 2020). 

4.2.3. Carbonyl and SBS indices 
Incubation in air and DI water increased the IC=O of the unaged bitumen 

(0.0024) with time due to oxidative degradation, while the ISBS was reduced inferring 
a degradation by chain scissioning of the butadiene segments (Touze-
Foltz and Farcas 2017) (Fig. 7). After 27 months, the IC=O of samples 
immersed in air was 18 times higher than the initial value, while in DI 
water it was only increased by a factor of 6. Similarly, more reduction in 
the ISBS was measured for the air immersed samples by the end of the 
incubation reaching around 55% of the initial value versus a reduction 
to only 80% of the initial value for the samples immersed in DI water. 
Thus, similar to Tg, G*, and δ, the higher changes in the carbonyl and SBS 
indices for the samples incubated in air show that the degradation of the 
elastomeric bitumen coat was faster than in DI water. 

4.3. Discussion of BGM ageing mechanism at elevated temperatures 

Exposure of the BGM to elevated temperatures in either air or DI 
water led to changes in the chemical properties of the bitumen coat. 
Thermo-oxidative degradation resulted in an increase in the oxygenated 
compounds and deterioration of the SBS copolymer evidenced by the 
increase in IC=O and decrease in the ISBS, respectively. As the structure and 
composition of the bitumen change with ageing, there was a change in 
the Tg of the bitumen. This can be attributed to the decrease in the Tg of 
the SARA compounds (specifically the saturates) with ageing shifting the 
overall Tg of the bitumen to lower temperatures (Kaya et al., 2020). 
Thermo-oxidative degradation also led to the increase in the rigidity of 
the bitumen due to the loss of the viscous fractions of its structure and 
hence G* increased while δ was reduced. Further degradation can result 
in the embrittlement and cracking of the bitumen attributed to degra
dation by crosslinking of the bitumen molecules (Airey 2003; Jing et al., 
2019; Mouillet et al., 2011; Omairey et al., 2020; Zeng et al., 2015). 

In air, oxidative degradation of the bitumen coat was faster than in 
DI water resulting in the brittleness observed after 22 months of incu
bation at 70 ◦C. The measured values of Tg, IC=O, ISBS, G*, and δ at the 
first time brittleness was observed in the aged samples were − 37 ◦C, 
0.035, 0.0095, 640 kPa, and 20◦, respectively. This shows a 52% 
decrease in Tg, 1300% increase in IC=O, 33% decrease in ISBS, 470% in
crease in G*, and 53% decrease in δ. While these values show excessive 
degradation in the chemical and rheological properties of the bitumen, 
the BGM retained its unaged mechanical strength but showed a reduc
tion in εmax with ageing. These changes in εmax of the BGM in air can be 
attributed to the increase in the bitumen rigidity/stiffness that is implied 
by the changes in the values of G* and δ due to ageing (Liu et al., 2003). 
This resulted in an increase in the overall stiffness of the BGM that led to 
the fast increase in the stresses after loading the aged samples in the 
mechanical tests to reach the unaged peak strength but at relatively low 

elongations. With the increase in the bitumen rigidity due to ageing in 
air, the stiffness of the BGM increased and hence εmax decreased with 
time (Fig. 8a). Thus, while the NW-GTX may have not exhibited 
noticeable thermo-oxidative degradation in air, the increase in the ri
gidity of the bitumen coat is hypothesized to decrease the ductility of the 
BGM but not its strength. 

After 27 months of incubation in DI water at 70 ◦C, the measured 
values of Tg, IC=O, ISBS, G*, and δ were − 37 ◦C, 0.015, 0.0114, 200 kPa, 
and 31◦, respectively. While these values reflect lower changes in the 

Fig. 7. Variation with incubation time at 70 ◦C in air and DI water in (a) IC=O
; (b) ISBS. Arrows represent the values at which the air immersed samples reached 

brittleness. 

Fig. 8. Tensile stress versus elongation for: (a) aged BGM in air at 85 ◦C for 2, 
11, and 29 months (11- and 29-months aged samples are with brittle bitumen 
coat); (b) aged BGM in DI water at 70 ◦C for 4 and 22 months. Arrows show the 
elongations at maximum stresses (εmax). 
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chemical and rheological characteristics of the bitumen coat than those 
measured in air, the BGM showed faster degradation in its strengths and 
εmax than in air (Fig. 8b). This suggests that the degradation in the 
mechanical properties of BGM in DI water could be due to the degra
dation of the NW-GTX, given the insignificant contribution of the 
polymeric film to the mechanical properties. The fast degradation of the 
NW-GTX in DI water can be attributed to the hydrolysis of the polyester 
fibres when the hydrogen (H+) or hydroxide (OH− ) ions attack their 
long-chain linear molecules (Dumitru et al., 2017; Elias et al., 1998; 
Mathur et al., 1994). Although the bitumen coat is expected to protect 
the NW-GTX from degradation, the similar degradation in all the me
chanical properties of the BGM and the NW-GTX that was separately 
examined in DI water (Fig. 9) suggest that the H+ or OH− ions can 
readily diffuse into the relatively intact/slightly degraded bitumen coat. 
This may have resulted in such fast degradation of the mechanical 
properties of the BGM in DI water. 

The ageing results at 70 ◦C show the different degradation behav
iours of BGMs in different incubation media (i.e., air and DI water). Due 
to their multi-component nature, these results also highlight the 
importance of establishing the degradation behaviour of BGMs based on 
the holistic investigation of their chemical, mechanical, and rheological 
properties. This is because the BGM can exhibit different degradation 
rates in its different components and hence different properties are 
required to assess their degradation. In this case, nominal failure of the 
BGM as a liner material can be defined as the time taken for the bitumen 
coat to lose its viscoelastic characteristics or for the BGM to reach 50% of 
its initial or specified mechanical properties. This shall allow assessing 
the BGM durability considering the different degradation mechanisms 
and rates in its different components to provide reliable estimates of 
their long-term performance for different exposure conditions. 

4.4. Effect of incubation temperature on the mechanical properties of 
BGM 

Due to the availability of more data from the tensile test than the 
puncture test at different temperatures, in this paper the tensile prop
erties were only used to investigate the degradation of the BGM samples 
at different temperatures (40, 55, 70, and 85 ◦C in air and 22, 40, 55, and 
70 ◦C in DI water). In air, the tensile strength did not change during the 

29 months of exposure even at the highest temperature of 85 ◦C 
(Fig. 10a). However, εmax decreased at temperatures between 55 ◦C and 
85 ◦C to reach 80% of the initial value at 55 ◦C, 60% of the initial value 
at 70 ◦C, and 25% of the initial value at 85 ◦C after 29 months (Fig. 10c). 
Similar to 70 ◦C, brittleness in the bitumen coat was observed for the 
85 ◦C samples but after 7 months from incubation while the BGM 
strength was retained at the unaged values and the εmax was at around 
80% of the initial value. 

In DI water, the decrease in tensile strength was only observed at 
70 ◦C while the values at temperatures at and below 55 ◦C were retained 
at the initial values (Fig. 10b). For the εmax, the BGM exhibited degra
dation at 55 ◦C to reach 80% of the initial values after around 22 months 
of incubation (Fig. 10d). Thus, the degradation in mechanical properties 
was faster in DI water than in air at all temperatures due to the degra
dation of the polyester NW-GTX by hydrolysis in DI water that affected 
the mechanical properties of the BGM. 

4.5. Effect of incubation temperature on the chemical and rheological 
properties of BGM 

4.5.1. Glass transition temperature 
In both air and DI water, Tg of the bitumen coat decreased with 

increasing the incubation time and increasing the immersion tempera
ture as a result of the higher degree of thermo-oxidative degradation 
(Fig. 11). In air, the Tg of the BGM samples changed upon the incubation 
of the samples at all incubation temperatures between 40 and 85 ◦C. At 
70 and 85 ◦C, Tg decreased to reach − 37 ◦C after 9 and 4 months, 
respectively and further incubation did not show any change in the 
values. This plateau value in Tg was reached even before brittleness in 
the bitumen coat was observed after 22 and 7 months at 70 and 85 ◦C, 
respectively. For DI water, slower changes were observed only at 55 and 
70 ◦C following a retention period at the unaged values of around 7 
months after incubation. The Tg results at different temperatures show 
that exposure to air can alter the bitumen structure and hence change its 
Tg faster than in DI water even at temperatures as low as 40 ◦C. 

4.5.2. Complex shear modulus and phase angle 
Similar to Tg, the changes in the rheological properties of the 

bitumen in air were higher than in DI water at all incubation 

Fig. 9. Variation with incubation time for the BGM and the NW-GTX in DI water at 70 ◦C in the normalized values (aged values/initial values) of the (a) maximum 
tensile stress; (b) elongation at maximum tensile stress; (c) peak puncture force; (d) elongation at peak tensile force. 
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temperatures (Fig. 12). In air at 70 and 85 ◦C, a similar plateau value of 
G* of around 720 kPa was reached after 25 and 8 months, respectively, 
and the values of G* were scattered around this value until the end of 
incubation at the two incubation temperatures. Likewise, δ dropped to 
about 80% of the initial value after 10 months at 85 ◦C and then stabi
lized at this value until the end of the incubation duration, while at 55 
and 70 ◦C, the values were still decreasing until the end of incubation. At 
85 ◦C, the values of G* and δ at the time of brittleness of the bitumen coat 
(i.e., after 7 months) were around 640 kPa and 20◦, respectively, that 
were similar to values obtained at 70 ◦C at brittleness. While these 
values reflect a substantial change in the bitumen rigidity (i.e., at brit
tleness), G* and δ exhibited further changes until the plateau values 
were reached suggesting that the bitumen underwent further changes in 
its rheology after the brittleness was first observed. 

4.5.3. Carbonyl and SBS indices 
The FTIR results presented in terms of the IC==O and the ISBS obtained 

at different temperatures showed that the oxidation of bitumen and 
deterioration of the SBS copolymer were occurring concurrently 

(Fig. 13). For instance, in air, at 85 ◦C, the IC=O increased by a factor of 
27 after 14 months of incubation and the data points were scattered 
around this value until the end of incubation. The ISBS was also reduced 
by a factor of 10 after around 18 months and was stabilized at this value 
until 27 months. For the air immersed samples, brittleness in the 
bitumen coat was observed before the plateau values of both indices 
were reached at 85 ◦C (i.e., after 7 months) and at similar values to those 
observed at 70 ◦C but after 22 months of incubation. Thus, similar to 
results obtained for G* and δ, this suggests that the bitumen exhibited 
further degradation after the time at which the early signs of brittleness 
were observed at 70 and 85 ◦C. Overall, both indices showed measurable 
degradation in the different components of the elastomeric bitumen (i. 
e., the bitumen and the SBS copolymer) at temperatures as low as 55 ◦C 
in both air and DI water but slight degradation at 40 ◦C. 

4.6. Arrhenius modelling and predictions of the time to nominal failure 

The degradation rates obtained for the BGM samples immersed in air 
and DI water at different temperatures were used to establish predictions 

Fig. 10. Variation in tensile properties in machine direction with incubation time at different temperatures for (a) maximum tensile stress in air; (b) maximum tensile 
stress in DI water; (c) elongation at maximum tensile stress in air; (d) elongation at maximum tensile stress in DI water. 

Fig. 11. Variation in glass transition temperature with incubation time in (a) air; (b) DI water. Arrows represent the values at which the air samples reached 
brittleness at 70 and 85 ◦C. 
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of the degradation of the BGM at different field temperatures using time- 
temperature superposition. Arrhenius modelling is commonly used for 
establishing predictions for geosynthetics (e.g., Ewais et al., 2018; 
Hsuan and Koerner 1998; Koerner et al., 1992; Rowe et al., 2020; Rowe 
and Sangam 2002) and bitumen (e.g., Jin et al., 2011; Lesueur 2009; 
Mastrofini and Scarsella 2000; Naskar et al., 2012; Rek and 
Barjaktarović 2002; Wang et al., 2019b) by extrapolating the degrada
tion times in the different properties at temperatures below the accel
erated ageing temperatures viz: 

ln (s)= ln (A) −

(
Ea

R

)(
1
T

)

(Eq 3)  

Where s (month− 1) = the degradation rate for a given property, A 
(month− 1) = a constant called a collision factor, Ea (J⋅mol− 1) = the 
activation energy for the reaction, R = 8.314 (J⋅mol− 1 K− 1) = the uni
versal gas constant, and T (K) = the absolute temperature. 

Equation (3) is typically used for uniform/single formulation mate
rials since it is based on the assumption that the kinetics of a reaction is 
monotonically influenced by temperature (Koerner et al., 1992). Thus, it 
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 components. However, 
since the degradation in the mechanical properties is only related to the 

Fig. 12. Variation of the rheological properties with the incubation time of the BGM at different temperatures: (a) complex shear modulus in air; (b) phase angle in 
air; (c) complex shear modulus in DI water; (d) phase angle in DI water. Arrows represent the values at which the air samples reached brittleness at 70 and 85 ◦C. 

Fig. 13. Variation of the carbonyl and SBS indices with the incubation time of the BGM at different temperatures: (a) IC––O in air; (b) ISBS in air; (c) IC––O in DI water; 
(d) ISBS in DI water. Arrows represent the values at which the air samples reached brittleness. 
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NW-GTX component and the chemical and rheological properties were 
examined for the bitumen coat only, different Arrhenius equations were 
used to separately establish the degradation rates in these different 
properties related to these different components of the BGM. These 
degradation rates were obtained from the slope of the degradation 
curves (i.e., a BGM property versus the incubation time) at different 
temperatures for the samples immersed in air and DI water based on the 
currently available data. 

Based on the proposed criterion for defining the nominal failure of 
BGMs (i.e., either the loss of the viscoelastic characteristics of the 
bitumen or the degradation in the mechanical properties of the BGM), 
the tensile εmax was only used to assess the nominal failure based on 
mechanical properties. This is because εmax showed more sensitivity to 
the BGM degradation than the maximum tensile strength and hence 
should result in more conservative estimates of the BGM degradation 
times. For the bitumen coat, properties such as the Tg, G*, δ, IC=O and ISBS 
could be used to establish the time to brittleness of the bitumen coat that 
define the loss of its viscoelastic characteristics. However, Tg was 
excluded since it was stabilized at a constant value before brittleness was 
reached and hence the assessment of the time to brittleness cannot be 
established based on Tg. ISBS was also excluded because it is only related 
to the degradation in the SBS copolymer and not the entire bitumen coat. 
Thus, predictions of the time to brittleness of the bitumen coat were 
established based on G* and δ (reflecting the rigidity point at brittleness) 
and IC=O (inferring the severe oxidative degradation of the bitumen) to 
reach the values measured experimentally at both 70 and 85 ◦C when 
brittleness was first observed in the samples incubated in air (i.e., G* =
640 kPa, δ = 20◦, and IC=O = 0.035). Based on these different degra
dation mechanisms in the BGM components, the time to nominal failure 
of the BGM was established as the time taken for εmax to reach 50% of the 
minimum value specified by the BGM manufacturer (i.e., 50% of the 
specified value; Rowe et al., 2009), that is 33 mm for this BGM (Table 1), 
and the time to brittleness of the bitumen coat assessed based on G*, δ, 
and IC=O. 

Table 4 shows the degradation rates obtained at different tempera
tures for εmax, G*, δ and IC=O that were used to establish the Arrhenius 
plots for air and DI water immersion (Fig. 14). Except for the εmax and δ 
in DI water, the Arrhenius plots were established based on three or more 
temperatures and hence resulted in coefficients of determination (R2) 
greater than 0.92 (Fig. 14). With only two data points used in the 
Arrhenius plots for εmax and δ in DI water, the activation energies were 
assumed to be similar to those obtained for these two properties in air 
immersion in which degradation was obtained at three or more tem
peratures (resulting in R2 <1 for εmax and δ; Fig. 14b). This approxi
mation was made to allow establishing predictions based on these two 
properties using the available data. To improve the accuracy of the 
Arrhenius plot and hence the predictions at lower field temperatures for 
these two properties, longer incubation is required to obtain the 
degradation rates at lower experimental temperatures. However, pre
vious studies (e.g., Ewais et al., 2018; Rowe et al., 2020) showed that 
Arrhenius plots established based only on two elevated temperatures 
typically result in shorter predictions at lower temperatures than those 

established using a range of low and high temperatures. This suggests 
that the current predictions presented herein err on the conservative 
side. 

The predictions for the time to nominal failure of the BGM based on 
both the reduction in εmax to reach 50% of the minimum value specified 
by the manufacturer and time to brittleness in the bitumen coat at 
temperatures between 5 and 85 ◦C in air and DI water are presented in 
Table 5. In general, predictions based on the tensile εmax were shorter 
than the time to brittleness in the bitumen coat in DI water while in air, 
the predictions were longer for εmax than all the other properties at all 
temperatures. For example, at 10 ◦C in DI water, the predicted time 
nominal failure for the BGM based on εmax was 145 years, while the time 
to brittleness in the bitumen coat ranged between 280 and 360 years 
based on the G*, δ and IC=O. This shows that in DI water, degradation in 

Table 4 
Degradation rates of the BGM samples immersed in air and DI water at different temperatures.  

Temperature (oC) Degradation rates for samples incubated in air (month− 1)a Degradation rates for samples incubated in DI water (month− 1)b 

ε
max G* Δ IC=O 

ε
max G* δ IC=O 

22 – – – – NR NR NR NR 
40 NR 3.00 NR 0.00016 NR 1.00 NR 0.000068 
55 0.23 8.00 0.45 0.00040 0.45 3.50 0.25 0.00025 
70 0.75 24.00 1.05 0.0015 2.20 5.00 0.50 0.00045 
85 1.40 76.00 3.20 0.0045 – – – – 

NR = Degradation in properties was not reached during the current study. 
a Degradation rates in air were obtained at 40, 55, 70, and 85 ◦C. 
b Degradation rates in DI were obtained at 22, 40, 55, and 70 ◦C. 

Fig. 14. Arrhenius plots of the elongation at maximum tensile stress (εmax), 
complex shear modulus (G*), phase angle (δ), and carbonyl index (IC––O) for the 
samples immersed in: (a) air (based on data collected at 40, 55, 70, and 85 ◦C); 
and (b) DI water (based on data collected at 22, 40, 55, and 70 ◦C). 
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the mechanical properties governs the durability of the BGM similar to 
the experimental data obtained at elevated temperatures. In air, the 
predictions at 10 ◦C were 360, 180, 180 and 200 years for εmax, G*, δ and 
IC=O, respectively, showing that the oxidative degradation of the 
bitumen governs the longevity of BGMs exposed to air. 

4.7. Practical implications of the time to nominal failure of BGMs 

The different degradation mechanisms of BGMs involving either the 
loss of mechanical properties or embrittlement of the bitumen coat may 
result in reaching the end of their service life in the field. This is because 
either the rupture of the BGM under the long-term sustained tensile 
strains in the field due to the degradation in the BGM reinforcement or 
the potential loss of water tightness due to the brittleness of the bitumen 
coat may lead to the loss of the hydraulic barrier characteristics of the 
BGM liner under field conditions. Notwithstanding, the predictions 
presented in Table 5 for the degradation times in the different properties 
of the BGM were established based on immersion tests that only examine 
the changes in the resistance component of the service life of the BGM (i. 
e., its durability). These experiments do not simulate the demand 
component (e.g., tensile stresses/strains) on the liner that could induce 
ruptures/cracking in the aged BGM nor the relaxation of stresses in the 
BGM that can occur prior to ageing (e.g., Abdelaal et al., 2014a; Rowe 
et al., 2010). Hence, they should not be treated as predictions of the 
BGM service life (i.e., time to rupture) in the field. The service life of 
BGMs in the field can be shorter or potentially much longer than the 
estimated time to nominal failure presented in Table 5, depending on the 
demand on the BGM in the field that is a function of many design factors 
that affect the tensile strains developed in the liner system (Rowe et al., 
2020). This is an area where much more research is required since the 
mechanisms by which BGMs fail in long-term are currently unknown. 
However, and despite this knowledge gap, these predictions can present 
a lower bound (i.e., conservative) estimation of the BGM longevity in 
well designed and constructed liner systems. 

While the time to nominal failure presented herein is different from 
the service life of the liner, it presents a useful evaluation of the relative 
effect of the variables considered on the BGM material durability. 
Among these variables that were examined in the current study, the 
effect of BGM temperature showed a significant effect on its time to 
nominal failure (either the degradation in the mechanical properties or 
brittleness in the bitumen coat). For instance, considering the temper
ature of 6.1–15.3 ◦C reported by Touze-Foltz and Farcas (2017), the 
estimated time to nominal failure based on the mechanical properties at 
an average temperature of 10 ◦C was 360 years while the estimated time 
to brittleness was 180–200 years for the BGMs samples exposed to air 
(Table 5). This is consistent with the findings of Touze-Foltz and Farcas 

(2017) who did not observe any degradation in mechanical properties of 
the BGM or loss of water tightness after 30 years of exposure in the field. 
However, at temperatures of around 85 ◦C similar to the liner temper
ature of the exposed BGM examined by Addis et al. (2013) and showed 
degradation in the mechanical properties after several months from 
installation, the estimated time to nominal failure ranged between 8 and 
23 months based on the different BGM properties (Table 5). With such 
variation in the degradation times of BGMs with the temperature, the 
current results highlight the need for considering the expected service 
temperature of the liner when selecting BGMs for the liner material of 
geoenvironmental applications with long design lives to ensure 
adequate environmental protection. 

5. Summary and conclusions 

The effect of elevated temperatures on the degradation behaviour of 
a 4.8 mm thick elastomeric BGM immersed in air and DI water was 
examined at different temperatures using oven immersion tests. The 
degradation of the BGM mechanical properties was assessed based on 
the tensile and puncture tests, while degradation in the chemical and 
rheological properties of the bitumen was assessed using the MDSC, 
DSR, and FTIR testing techniques. Arrhenius modelling was used to es
timate the degradation time in these different properties at different 
temperatures in air and DI water. Based on the incubation media and the 
BGM examined herein, the following conclusions were reached: 

1. The BGM exhibited different degradation rates in its different com
ponents when exposed to elevated temperatures. The extent of 
degradation in these different components was dependent on the 
incubation media. To ensure reliable estimates of the long-term 
performance of BGMs as a hydraulic barrier layer, their degrada
tion behaviour should be assessed based on a holistic investigation of 
their chemical, mechanical, and rheological properties.  

2. In air, exposing the BGM to elevated temperatures resulted in faster 
degradation of the bitumen coat than in the mechanical properties of 
the BGM. The degradation in the chemical and rheological properties 
of the bitumen involved oxidation of the bitumen coat, degradation 
and consumption of the SBS copolymer, a change in the glass tran
sition temperature, and the increase in the bitumen rigidity with 
time. While these changes in the bitumen chemical structure did not 
affect the mechanical strength of the BGM even after the brittleness 
in the bitumen coat observed at 70 and 85 ◦C, they resulted in the 
reduction of the elongation at maximum strength and the ductility of 
the BGM.  

3. In DI water, while the bitumen coat exhibited substantially less 
degradation in the chemical and rheological properties than in air, it 
seems that the relatively intact/slightly degraded bitumen coat did 
not protect the NW-GTX from the degradation by hydrolysis. This is 
because both the BGM and the NW-GTX that was separately exam
ined in DI water exhibited similar degradation in their mechanical 
properties. Thus, the degradation in the mechanical properties of the 
BGM was faster in DI water than in air.  

4. Due to the difference in the degradation behaviour of BGMs in 
different incubation media, time to nominal failure was defined as 
either the time for the elongation at maximum tensile strength to 
reach 50% of the minimum values specified by the manufacturer or 
the time to brittleness of the bitumen coat assessed based on the 
complex shear modulus, phase angle, and the carbonyl index. This 
criterion for nominal failure was adopted since the degradation in 
any of these components of the BGM may lead to the loss of its hy
draulic barrier function under the field conditions.  

5. Based on Arrhenius modelling, the time to nominal failure varied 
significantly at field temperatures between 5 and 40 ◦C. For instance, 
the estimated time to nominal failure for samples immersed in air 
based on the tensile elongation ranged from 570 years at 5 ◦C to 35 
years at 40 ◦C. While these predictions are considered conservative 

Table 5 
Predicted time to nominal failure of the BGM in years at different temperatures 
in air and DI water (rounded to two significant digits).  

Temperature (◦C) Air immersion DI water immersion 
ε
max G* δ IC=O 

ε
max G* δ IC=O 

5 570 290 295 315 230 400 590 560 
10 360 180 180 200 145 280 360 360 
20 155 75 70 80 60 140 140 160 
30 70 30 30 35 28 70 60 75 
40 35 15 14 16 15 40 25 35 
55 11 4.8 4.5 5.2 4.6 16 8.8 13 
70 4.5 1.8 1.6 1.9 1.8 7.6 3.2 5.4 
85 1.9 0.7 0.6 0.8 0.8 3.7 1.3 2.4 

Numbers in bold show the property governing the time to nominal failure. 
For εmax, time to nominal failure was established based on the time to reach 50% 
of the minimum value (33 mm) specified by the manufacturer for this BGM. 
For G*, δ, and IC=O, time to nominal failure was established based on the time to 
brittleness of the bitumen coat when the values reach 620 kPa, 20◦, and 0.035, 
respectively. 
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estimates of the BGM durability established using the double sided 
immersion tests, they highlight the need for considering the expected 
liner temperatures in the field when selecting BGMs for the barrier 
systems of different geoenvironmental applications to ensure 
adequate environmental protection. 

This study allows an assessment of how elevated temperatures and 
incubation media affect the degradation of an elastomeric BGM. The 
results are relevant to the particular BGM, and conditions examined. 
Different results may be expected for other BGMs with different for
mulations or when other immersion solutions are used. Thus, indepen
dent verification is needed before extrapolating the predicted 
degradation times to other materials and conditions. Furthermore, the 
predictions presented in this study for DI water were established based 
on immersion tests involving double-sided exposure of the BGM (i.e., 
bitumen coat from the top and the polymeric film from the bottom) to 
solutions that are expected to be more aggressive than field exposure 
conditions in which the BGM is only exposed to solution from the top 
surface. Thus, the predictions reported herein are expected to be more 
conservative estimates (i.e., shorter) for the degradation times than the 
degradation times in the field. However, the results presented herein 
provide considerable insight into the degradation behaviour of BGMs at 
elevated temperatures. 
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