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A B S T R A C T   

The effect of thickness (4.8 and 4.1 mm) on the degradation of two bituminous geomembranes (BGMs), when 
immersed in a synthetic leachate is investigated over a period of 33 months. Based on the data collected at four 
different temperatures (20, 40, 55, 70 ◦C), it is shown that the 4.1 mm has slightly faster degradation than the 
4.8 mm thick BGM. Due to the reduced conditions of the examined leachate, the degradation in the chemical and 
rheological properties of the bitumen coat was relatively lower than in air and water immersion. However, the 
presence of a surfactant in the leachate increased the degradation of the polymeric back film and the rein-
forcement layer responsible for the mechanical properties of the BGM. The time to nominal failure of the two 
BGMs is predicted at a typical range of landfill liner temperatures using Arrhenius modelling. The predictions at 
temperatures >20 ◦C suggest that the examined BGMs may not be suitable for the containment of solid wastes 
containing surfactants due to the fast degradation in their mechanical properties.   

1. Introduction 

Geosynthetic barrier systems are widely used in geoenvironmental 
applications such as landfills, lagoons, and monofills to contain solid 
wastes, contaminated fluid, or contaminated soils. These mega fills/ 
reservoirs are required by many jurisdictions to be constructed on geo-
synthetic liners (e.g., MOE, 1998; MPCA, 2005; Alberta Environment 
Protection Agency, 2010; British Columbia Ministry of Environment, 
2016; USEPA, 2016). These liner systems often comprise a geo-
membrane (GMB) over a low permeability soil layer to function as a 
composite barrier against contaminant migration into the surrounding 
environment. Aside from short-term failures due to poor installation or 
sudden application of external forces, these GMBs are required to have a 
service life longer than the contaminating life span of the facility which 
can range from several decades to centuries (Rowe et al., 2000; Rowe 
et al., 2004). In service, GMBs can be exposed to chemical solutions 
leaching from solid waste and elevated temperatures that can lead to 
their degradation and loss of their properties. Under sustained field 
stresses, this can result in the long-term failure of the GMB liner 
(Abdelaal et al., 2014a; Ewais et al., 2014) and hence, contaminant 
migration to the environment. Thus, assessment of the durability of the 
GMBs and their service lives under field conditions is essential to ensure 

adequate environmental protection. 
Polymeric GMBs, especially high-density polyethylene (HDPE), have 

been used as a part of the baseliners and cover systems in solid waste 
containment applications over the last 40 years (e.g., Rowe et al., 2003; 
Peggs, 2008; Rowe et al., 2010; Gassne, 2017; Li et al., 2021). This led to 
extensive research that examined their long-term performance and 
degradation behaviour for these applications (e.g., Schmidt et al., 1984; 
Maisonneuve et al., 1997; Hsuan and Koerner, 1998; Rowe and Sangam, 
2002; Hoor and Rowe, 2012; Abdelaal and Rowe, 2014; Tian et al., 
2017; Ewais et al., 2018; Li et al., 2021). Over the last 15 years, bitu-
minous geomembranes (BGMs) have been promoted as a strong candi-
date liner material for the containment of solid waste due to their high 
mechanical properties, relatively high density, the possibility of instal-
lation in extremely harsh climatic conditions, and low coefficient of 
thermal expansion (Peggs, 2008; Lazaro and Breul, 2014). They have 
already been used to line and cap municipal solid waste (MSW) and low- 
level radioactive waste (LLRW) landfills in jurisdictions and/or appli-
cations that do not specify HDPE GMBs for liner or cover systems (Breul 
et al., 2006; Peggs, 2008; Daly and Breul, 2017; Keys, 2021; Richardson 
and Wingrove, 2021). However, there is a paucity of research and 
published data on the durability of BGMs to ensure their proper use in 
these applications to provide the desired environmental protection. 
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BGMs are multilayer composite materials that are manufactured 
with thicknesses that range from 3.5 mm to 5.6 mm to provide the 
desired mechanical and waterproofing properties. BGMs consist of a 
core nonwoven polyester geotextile (NW-GTX) and a glass fleece sheet 
as the reinforcement layer that is impregnated and coated with bitumen 
to create a flexible and impermeable sheet (Peggs, 2008; Bannour et al., 
2013). The bitumen used in the production of BGMs is typically stabi-
lized using elastomers such as styrene-butadienestyrene (SBS) (Touze- 
Foltz and Farcas, 2017) to improve its workable temperature (Scheirs, 
2009; Touze-Foltz and Farcas, 2017). The top surface of the BGM is 
typically sanded to increase the interface friction strength while the 
bottom surface is bonded to a polyester film to protect the BGM from 
upward root penetration (Breul et al., 2008; Lazaro and Breul, 2014). 

Few studies examined field exhumed BGM samples exposed to UV in 
different geoenvironmental applications (Addis et al., 2013; Touze-Foltz 
and Farcas, 2017). These studies showed that the service life of the BGM 
in the field can substantially vary from several decades (Touze-Foltz and 
Farcas, 2017) to several months (Addis et al., 2013) depending on the 
BGM liner temperatures and exposure conditions. For the laboratory 
studies, Samea and Abdelaal (2023) investigated the durability of BGMs 
exposed to air and di-ionized (DI) water using immersion tests. It was 
shown that degradation of the BGMs involves the loss of the viscoelastic 
properties of the bitumen coat and the loss of the mechanical properties 
due to the degradation in the reinforcement layer. Based on these re-
sults, nominal failure of the BGM as a liner material (i.e., loss of the 
material resistance) was defined as the time taken for the bitumen coat 
to reach brittleness or for the BGM to reach 50% of its initial or specified 
mechanical properties. This study also showed that BGMs can exhibit 
different degradation rates in their different components when incu-
bated in aqueous solutions. Since the chemistry of the leachates from 
waste containment application is significantly different and more 
aggressive than DI water, the chemical compatibility of the BGMs with 
solid waste leachates is unknown. 

In addition to the effect of the chemical composition of the solution 
in the field on the durability of GMBs, the properties of the GMB have an 
important role in their long-term performance in the field. Among these 
properties, the increase in the thickness was shown to increase the 
durability of polymeric GMBs due to the increase of the diffusion path of 
the chemicals into the GMB (e.g., Rowe et al., 2010; Rowe et al., 2014; 
Rowe and Ewais, 2014; Morsy et al., 2021). However, the effect of 
thickness on the long-term performance of BGMs is also unknown. Thus, 
the objective of this study is to investigate the long-term performance of 
two BGMs with different thicknesses when immersed in a synthetic 
landfill leachate to explore: (a) the effect of BGM thickness on its 
durability, and (b) the chemical compatibility of BGMs with solid waste 
leachates. 

2. Method and materials 

2.1. Materials examined 

Two different commercially available BGMs (Table 1) produced by 
the same BGM manufacturer (denoted as BGM1 and BGM2) were 
examined in this study. BGM1 is 4.8 mm thick with a mass per unit area 
of 5200 g/m2 and is typically recommended for high stress applications. 
BGM2 is recommended for moderate to low stress applications with a 
nominal thickness of 4.1 mm and a mass per unit area of 4700 g/m2. 
BGM1 and BGM2 have polyester NW-GTXs as the primary reinforcement 
layer with mass per unit area of 275 and 235 g/m2, respectively. 
Additionally, both BGMs have a glass fleece sheet with a mass per unit 
area of 50 g/m2. Due to the higher mass per unit area of the NW-GTX and 
thicker bitumen coat, BGM1 has higher initial puncture resistance, 
tensile strength, and tensile elongation. The NW-GTX used in 
manufacturing BGM1 was also examined (Table 1) to compare the 
degradation of the geotextile to the overall degradation of BGM1. 

2.2. Accelerated ageing and incubation fluid 

The long-term performance of the BGMs and the NW-GTX was 
investigated using the immersion technique. This method is used to 
accelerate the ageing of different geosynthetic materials in the labora-
tory by immersing coupons into the desired solution at different elevated 
temperatures (e.g., Hsuan and Koerner, 1998; Rowe et al., 2008; Morsy 
et al., 2021; Francey and Rowe, 2022; Samea and Abdelaal, 2023). 
However, for BGMs, exposing the edges of the coupons to the solution 
may directly affect the reinforcement layer and result in a fast degra-
dation in the mechanical properties of BGM (Samea and Abdelaal, 
2019). Thus, the edges of both BGMs were sealed with BGM strips, to 
ensure that the coupons were only exposed to the solution from the top 
bitumen coat and the back polymeric film. 

The sealed BGM coupons (250 × 150 mm) and NW-GTX (190 × 100 
mm) were immersed in a reduced synthetic MSW leachate. The chem-
istry of the leachate represents the different combinations of the primary 
constituents found in MSW landfill leachate collected from a landfill in 
Ontario, Canada (Hrapovic, 2001) including inorganic/organic salts, 
trace metals, and surfactant (Table 2). The leachate was reduced (Eh =
-120 mV) to simulate anaerobic leachates found in MSW landfills. This 

Table 1 
Initial properties of the materials examined (mean ± standard deviation).  

Propertya Method BGM1b BGM2b NW- 
GTX 

Designator – TERANAP 
531 TP 4M 

TERANAP 
431 TP 4M 

– 

Nominal Thickness (mm) ASTM 
D5199 

4.8 ± 0.120 
(4.6) 

4.1 ± 0.163 
(3.9) 

1.1 ±
0.128 

Glass Mat. Reinforcement 
(g/m2) 

– 50c 50c – 

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

ASTM 
D5261 

275c 235c 275 

Mass Per Unit Area (g/ 
m2) 

ASTM 
D5261 

5410c 4700c 263 ±
4.36 

Machine Direction 
Maximum Tensile 
Strength σM (kN/m) 

ASTM 
D7275 

33.1 ±
0.422 
(25.5) 

29 ± 0.852 
(24) 

– 

ASTM 
D5035 

–  13.4 ±
1.33 

Machine Direction 
Elongation at σM (mm) 

ASTM 
D7275 

51 ± 1.8 
(33) 

44 ± 0.16 
(28.2) 

– 

ASTM 
D5035 

– – 48 ±
3.7 

Cross Machine Maximum 
Tensile Strength σM 

(kN/m) 

ASTM 
D7275 

29.5 ±
0.887 
(23) 

21.8 ±
0.270 
(18) 

– 

ASTM 
D5035 

– – 10.5 ±
0.866 

Cross Machine Elongation 
at σM (mm) 

ASTM 
D7275 

52 ± 1.5 
(35.7) 

47 ± 2.1 
(30.6) 

– 

ASTM 
D5035 

– – 55 ±
1.2 

Puncture Resistance (N) ASTM 
D4833 

690 ± 41.91 
(555) 

564 ± 21.91 
(467) 

627 ±
62.37 

Puncture (Break) 
Elongation (mm) 

ASTM 
D4833 

14.35 ±
0.933 

12.35 ±
0.61 

16.79 
± 0.665 

Glass Transition 
Temperature (◦C) 

ASTM 
E2602 

− 24.2 ±
1.48 

− 26.10 ±
1.70 

82.86 
± 2.27 

Complex Shear Modulus 
(kPa) 

– 112 ± 7.38 134 ± 8.80 – 

Phase Angle (◦) – 43 ± 0.53 41 ± 0.35 – 
Carbonyl Index – 2.38e-3 ±

5.23e-4 
1.99e-3 ±
1.63e-4 

– 

SBS Index – 0.014 ±
7.89e-4 

0.013 ±
4.62e-4 

–  

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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leachate was selected as it was extensively used in many GMB ageing 
studies (e.g., Abdelaal et al., 2014b; Rowe and Shoaib, 2017; Rowe et al., 
2019; Francey and Rowe, 2022) and was shown to represent an 
aggressive simulation of MSW leachates. Hence it can allow the assess-
ment of the relative performance of the two BGMs examined in a 
reasonable time. 

The BGM coupons were placed in stainless steel containers filled with 
the leachate and incubated in forced-air ovens at different elevated 
temperatures (22, 40, 55 and 70 ◦C) while the NW-GTX coupons were 
only incubated at 55 ◦C. The solution was replaced every two months to 
maintain a constant pH for both BGMs and the NW-GTX. Specimens 
from the BGMs and NW-GTX were collected at different incubation times 
and examined using different index tests to assess their degradation. 

2.3. Index testing 

2.3.1. Rheology and chemical index tests 

2.3.1.1. Dynamic shear rheometer. The effect of ageing at different 
temperatures on the rheological properties of the BGM was examined 
using an Anton Paar MCR102 Dynamic Shear Rheometer (DSR). This 
technique is widely used to characterize the viscous and elastic behav-
iour of bitumen in pavement research (e.g., Airey, 2003; Lu et al., 2008; 
Ragni et al., 2018; Omairey et al., 2020; Ding et al., 2022) and recently 
for BGMs in geoenvironmental applications (Samea and Abdelaal, 
2023). Changes in rheological indices such as the complex shear 
modulus (G*; representing the material resistance to shear deformation) 
and phase angle (δ; representing the balance in the elastic and viscous 
components of the bitumen) of the unaged and aged BGMs were 
measured in their linear viscoelastic region (LVE) using the linear 
amplitude sweep test. In this test, a constant normal force of 1 N was 
applied using a 25 mm parallel plate at a fixed frequency of 10 rad/s and 
under a strain level of 0.01% to 60% at a constant temperature of 55 ◦C. 
Ten specimens were examined in the DSR from each BGM, and despite 
the small difference in their unaged G* and δ values (Table 1), the dif-
ference was statistically significant at the 95% confidence level. 
Although the two BGMs were manufactured from the same source 
bitumen, the small difference in their initial G* and δ can be attributed to 

the difference in the thickness of the DSR samples from the two BGMs 
and its effect on the viscoelastic properties of the bitumen. For the aged 
samples, three replicates were examined at different incubation dura-
tions to assess the changes in G* and δ with time relative to the unaged 
values. 

2.3.1.2. Fourier transform infrared spectroscopy. Fourier Transform 
Infrared (FTIR) analysis was conducted to explore the changes in the 
functional groups of the polymer-modified bitumen due to oxidative 
degradation (Durrieu et al., 2007; Aguiar-Moya et al., 2017). For each 
data point, four specimens were prepared at 22 ◦C by extracting and 
dissolving the bitumen coat in toluene (10% bitumen by mass) and were 
then dried on a potassium bromide disk. Spectra in the wave number 
range of 4000 to 400 cm− 1 obtained at a frequency of 32 and resolution 
of 4 cm− 1 were analyzed using a Thermo Scientific Nicolet iS20 spec-
trometer to explore changes in the carbonyl (C––O) and butadiene 
double bond (C––C) functional groups at different incubation times. 
Changes in C––O can be used to infer the oxidation in the bitumen coat 
while the C––C reflects the degradation of the SBS copolymer (Mouillet 
et al., 2008; Zeng et al., 2015). The degree of ageing of the bitumen coat 
can be assessed using the carbonyl and butadiene indices (e.g., 
Lamontagne et al., 2001; de Sá Araujo et al., 2013; Feng et al., 2022) that 
can be calculated viz: 

IC=O =
Area of the carbonyl band centered around 1700 cm− 1

ΣArea of the spectral bands between 4000 and 600 cm− 1 (1)  

ISBS =
Area of the carbonyl band centered around 968 cm− 1

ΣArea of the spectral bands between 4000 and 600 cm− 1 (2)  

Where; IC=O = carbonyl index, ISBS = butadiene index. 
The initial IC=O values of the unaged BGM1 and BGM2 (Table 1) were 

0.00238 and 0.00199, respectively, while the initial ISBS values were 
around 0.014 and 0.013, respectively. Since the samples extracted from 
the two BGMs and analyzed using the FTIR had similar thicknesses, the 
difference in the unaged IC=O and ISBS of the two BGMs was statistically 
insignificant. 

Table 2 
Chemical composition of the synthetic Leachate (Abdelaal et al., 2014b) used in this study (mg/l except where noted).  

Component Formula Concentration (mg/l, except where noted) 

Inorganic Salts 
Sodium Hydrogen Carbonate NaHCO3 3012 
Calcium Chloride dihydrate CaCl2⋅2H2O 2882 
Magnesium Chloride MgCl2⋅6H2O 3114 
Magnesium Sulphate heptahydrate MgSO4⋅7H2O 319 
Ammonium Hydrogen Carbonate NH4HCO3 2439 
Carbamide (Urea) CO(NH2)2 695 
Sodium Nitrate NaNO3 50 
Potassium Carbonate K2CO3 324 
Potassium Hydrogen Carbonate KHCO3 312 
Potassium dihydrogen Phosphate K2HPO4 30 

Trace Metals 
Ferrous Sulphate FeSO4⋅7H2O 2000 
Boric Acid H3BO3 50 
Zinc Sulphate heptahydrate ZnSO4⋅7H2O 50 
Cupric Sulphate, pentahydrate CuSO4⋅5H2O 40 
Manganous Sulphate monohydrate MnSO4⋅H2O 500 
Ammonium Molybdate tetrahydrate (NH4)6Mo7O24⋅4H2O 50 
Aluminum Sulphate, 16-hydrate Al2(SO4)3⋅16H2O 30 
Cobaltous Sulphate, heptahydrate CoSO4⋅7H2O 150 
Nickel (II) Sulphate NiSO4⋅6H2O 500 
Sulfuric acid (+96% purity) H2SO4 (ml/l) 1 

Other components 
Surfactant IGEPAL® CA720 (C2H4O)n.C14H22O, n ~ 12.5 (ml/l) 5 
Eh (adjusted by adding 3% w/v Na2S⋅9H2O) (mV) Na2S⋅9H2O (ml/l) 0.94 
Sulphuric acid for pH adjustment to pH ~ 7.0* H2SO4 (ml/l) 0.7  

* The pH was checked at the end of the 2-month refreshment cycles and was found to remain constant at ~ 7. 
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2.3.2. Mechanical index tests 
Tensile properties of the BGMs and the NW-GTX were examined to 

assess the changes in mechanical strength (reported herein as the 
maximum/peak values) and the corresponding elongation due to 
ageing. Tensile tests on BGMs and the NW-GTX were conducted at the 
room temperature (22 ◦C) using a Zwick Roell universal testing machine 
(Model Z020). For the BGM, the initial separation between the machine 
grips was 60 mm and the samples were tested at a strain rate of 50 mm/ 
min (ASTM D7275) while for the NW-GTX, an initial separation of 75 
mm and a strain rate of 300 mm/min were used (ASTM D5035). 

3. Results and discussion 

3.1. Effect of the BGM thickness on the chemical and rheological 
properties 

3.1.1. Complex shear modulus and phase angle 
The initial G* values of the unaged BGM1 and BGM2 were 112 kPa 

and 134 kPa, respectively. For the initial δ, the values were 43◦ and 41◦

for BGM1 and BGM2 respectively, implying similar proportions of the 
viscous and elastic structures of the unaged BGMs (Hunter et al., 2015). 
After immersion in leachate, G* gradually increased while δ decreased 
during the incubation period at 55 and 70 ◦C implying the increase of 
elastic components of the bitumen in both BGMs and the increase in the 
bitumen rigidity (Fig. 1a and 1b). The rates of change in G* and δ for the 
two BGMs were faster at 70 ◦C than those at 55 ◦C. After 33 months of 
incubation at 70 ◦C, G* gradually increased by a factor of 2.1 for BGM1 
and 2.2 for BGM2. By the same time, δ decreased by 35% for BGM1 and 
by 40% for BGM2. Thus, the thinner BGM2 exhibited slightly more 
rheological changes than BGM1 and hence had more shift toward the 
elastic behaviour upon incubation at elevated temperatures. 

3.1.2. Carbonyl and butadiene indices 
The IC=O of both BGMs aged at elevated temperatures increased upon 

incubation in leachate and the rate of increase was higher at 70 ◦C than 
at 55 ◦C (Fig. 1c). This implies an increase in the oxidative degradation 
byproducts for both BGMs due to ageing at elevated temperatures. While 
the ISBS data was highly scattered around the initial values, it decreased 
for both BGMs implying the degradation in the SBS-copolymer due to 
ageing in leachate that was also temperature dependent (Fig. 1d). After 
33 months of incubation at 70 ◦C, IC=O increased by factors of 6 and 8.5 
for BGM1 and BGM2, respectively, while the reduction in ISBS was 17% 
for BGM1 and 20% for BGM2. Thus, the average oxidative degradation 
of the bitumen coat and the consumption of SBS-copolymer were slightly 
higher for the thinner BGM after incubation in leachate at elevated 
temperatures. 

3.2. Effect of BGM thickness on the degradation in mechanical properties 

The degradation in the tensile properties of the two BGMs was only 
observed at 70 and 55 ◦C (Fig. 2) while there was no change in these 
properties at 40 and 22 ◦C during the 33 months of incubation. Addi-
tionally, the two BGMs showed similar degradation behaviour in their 
tensile properties at different temperatures. For instance, the maximum 
tensile strength (σmax) of BGM1 and BGM2 at 70 ◦C linearly decreased 
over 11 and 9 months, respectively, to reach 10% of the initial values, 
and stabilized at this value until 33 months (Fig. 2a). For the elongations 
at the maximum (peak) strength (εmax), there was a gradual decrease to a 
stabilized value of 15% of the initial value that was reached after 9 
months for BGM1 and 7 months for BGM2. Hence the degradation in 
εmax was slightly faster than the degradation in σmax. Since the degra-
dation rates in the tensile properties were slightly faster for BGM2 than 
for BGM1, this suggests that the BGM thickness had a minor effect on the 
degradation of the two BGMs in leachate. 

Fig. 1. Variation with incubation time for the BGM1 and the BGM2 in leachate at 70 and 55 ◦C in the normalized values (aged values/initial values) of the (a) 
complex shear modulus (G*); (b) phase angle (δ); (c) carbonyl index (IC=O); (d) butadiene index (ISBS). (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). 

A. Samea and F.B. Abdelaal                                                                                                                                                                                                                 



Waste Management 165 (2023) 179–188

183

3.3. Discussion of the BGM degradation behaviour and thickness effect in 
MSW leachate 

Incubation of BGM1 and BGM2 in leachate at elevated temperatures 
resulted in the thermo-oxidative degradation of the bitumen coat. This 
was inferred from the increase in C––O and the decrease in C––C func-
tional groups. These changes led to an increase in bitumen stiffness 
evidenced by the increase in G* and the decrease in δ. However, these 
changes in the bitumen coat in leachate were substantially lower than 
those measured for BGM1 in air (humidity of 37%) or DI water im-
mersion (Samea and Abdelaal, 2023). For instance, after 25 months of 
incubation at 55 ◦C of BGM1, G* was 2.1 and 1.3 times higher in air and 
DI water, respectively, than in leachate (Fig. 3a). Additionally, there was 
more scatter in data for the samples aged in air than in DI water and 
leachate implying that the severe oxidation across different parts of the 
samples exposed to air was non-uniform compared to the fully immersed 
samples in aqueous solutions. Likewise, incubation in air and DI water at 
55 ◦C showed higher IC=O values by factors of 1.65 and 1.15 (Samea and 
Abdelaal, 2023), respectively, relative to leachate after 25 months. The 
observed slower oxidative degradation of the bitumen coat in leachate 
can be attributed to the reduced conditions of synthetic leachate and the 
absence of free oxygen relative to air or DI water ageing. Although 

exposure to the salts in the leachate is expected to accelerate the 
degradation of bitumen (Pang et al., 2018; Meng et al., 2022), the 
aforementioned results highlight that oxygen availability has more ef-
fect on the oxidative degradation of the bitumen coat. 

While the changes in the bitumen coat were relatively low even at 70 
◦C for both BGMs in the MSW leachate, it seems that the bitumen coat 
was not protecting the reinforcement layers from degradation and the 
BGMs exhibited degradation in all mechanical properties. This fast 
degradation in the mechanical properties of the BGM in aqueous solu-
tions can be attributed to the hydrolysis of the polyester fibres of the 
NW-GTX (Samea and Abdelaal, 2023) that was much faster in leachate 
than in DI water. For instance, for BGM1 at 55 ◦C in leachate, σmax 
started to decrease just after incubation to reach 65% of the initial values 
after 33 months while in DI water, σmax was retained at the initial values 
until 29 months (Fig. 3b). The faster degradation in leachate can be 
attributed to the presence of the surfactant that increases the BGM 
surface wettability and hence, potentially, the interaction of the H+/OH– 

ions and other chemical constituents of leachate with the NW-GTX than 
in DI water without the surfactant. 

The hypothesized limited protection offered by the bitumen coat to 
the NW-GTX can be also inferred from comparing the degradation of 
BGM1 to the NW-GTX that was used in its formulation in leachate 
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machine direction tensile peak stress; (b) machine direction elongation at peak tensile stress. 
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(Fig. 4). After 33 months of incubation at 55 ◦C, the degradation in the 
tensile properties of the NW-GTX was similar to BGM1 with a slightly 
degraded bitumen coat. This also implies that in leachate, the chemical 
constituents of the solution can interact with the bitumen-impregnated 
and coated NW-GTX upon incubation at elevated temperatures. 
Another factor that may have contributed to such fast degradation of the 
NW-GTX was the degradation of the polymeric back film on the bottom 
surface of the BGM. In leachate at 70 ◦C, the film was completely de-
tached and decomposed after only 6 months of immersion, while it 
remained intact for more than 20 months of immersion in both air and 
DI water. This resulted in the direct exposure of the bitumen coating the 
NW-GTX from both sides of the coupons and may have led to such faster 
degradation in the mechanical properties of the BGM. 

The presence of the surfactant in leachate also seems to limit the 
effect of the BGM thickness on the degradation behaviour of BGM1 and 
BGM2. This is due to the ineffective increase in the resistance of the 
thicker bitumen coat to the migration of the chemical constituents of the 
leachate into the bitumen in the presence of the surfactant. Hence, 
increasing the BGM thickness from 4.1 to 4.8 mm showed an arguably 
slight decrease in the degradation of their bitumen coats and their NW- 
GTXs. Overall, the reduced conditions of leachate were favourable in 
terms of the degradation of the bitumen coat of the BGM relative to air 
and DI water immersion. However, the combination of the surfactant 
and the other chemical constituents of the leachate increased the 
degradation of the polymeric back film and the BGM reinforcement 
layer that resulted in faster degradation of mechanical properties in 
leachate than in air and DI water. 

The degradation behaviour of BGMs at elevated temperatures dis-
cussed herein differs from the degradation of polymeric GMBs that starts 
with an antioxidant depletion stage then an induction period in which 
the properties are retained at the initial values, and finally the polymer 
degradation resulting in the loss of the different properties (e.g., Hsuan 
and Koerner, 1998). This is because, BGMs exhibit degradation in their 
properties upon incubation (e.g., Figs. 1 and 2) since they are not typi-
cally formulated with antioxidants. Additionally, the degradation of the 
multicomponent BGMs progresses simultaneously in the bitumen coat 
and the NW-GTX and the extent of the degradation in these different 
components depends on the incubation media as discussed above. Thus, 
unlike polymeric GMBs in which their degradation involves three 
sequential distinct stages, the BGM degradation initiates and propagates 
in one stage that simultaneously affects the bitumen coat and the NW- 
GTX. This required the holistic investigation of the chemical, rheolog-
ical, and mechanical properties of the BGM to capture the degradation in 

these different components to assess its nominal failure (Samea and 
Abdelaal, 2023). 

4. Arrhenius modelling and nominal failure predictions 

Based on the criteria proposed by Samea and Abdelaal (2023), 
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nominal failure in the chemical and rheological properties of the BGM is 
reached at the time of brittleness of the bitumen coat when the measured 
values of G*, δ and IC=O reach 640 kPa, 20◦ and 0.035, respectively. 
Similarly, time to nominal failure (tNF) with respect to the mechanical 
properties can be estimated as the time at which εmax reaches 50% of the 
minimum value specified by the manufacturer (Table 1). Because the 
degradation in all the BGM properties was initiated at 55 and 70 ◦C 
during the 33 months of incubation, the best-fit lines presented in Figs. 1 
and 2 allowed the assessment of the degradation rates (i.e., the slopes) 
presented in Fig. 5. These degradation rates also allowed predicting the 
tNF at these temperatures even if nominal failure was not reached during 
the 33 months of incubation, especially for the chemical and rheological 
properties since the bitumen coat did not reach brittleness even at 70 ◦C. 

To estimate the degradation rates and hence the tNF at temperatures 
that are not examined experimentally (i.e., lower field temperatures), 
time temperature superposition (Arrhenius modelling) is commonly 
used for polymeric and bituminous materials (e.g., Koerner et al., 1992; 
Rek and Barjaktarović, 2002; Rowe and Islam, 2009; Naskar et al., 2012; 
Rowe et al., 2019; Li et al., 2021). However, a single Arrhenius relation 
cannot be used to predict the overall degradation in the multicomponent 
BGMs due to the different reaction rates related to the different degra-
dation mechanisms in their different components (Samea and Abdelaal, 
2023). Alternatively, different Arrhenius plots (Fig. 5) were used to 
separately estimate the degradation rates in the mechanical properties 
(only related to the NW-GTX component) and in the chemical and 
rheological properties (only related to the bitumen coat) in leachate at 
lower field temperatures for the two BGMs viz: 

s = A e− (Ea/RT) (3)  

where, s (month− 1): degradation rate; A (month− 1): collision factor; Ea 
(J.mol− 1): activation energy; R (J.mol− 1.K− 1): universal gas constant 
equals 8.314; and T (K): temperature. Taking the natural logarithm of 

both sides of Eq. (3) gives: 

ln(S) = ln(A) − (Ea/R) × (1/T) (4) 

Despite the 33-month incubation duration, the tNF predictions for 
BGM1 and BGM2 are preliminary since they were based only on two 
temperatures (except for δ with the degradation obtained at 3 temper-
atures). While predictions established based only on two elevated tem-
peratures typically err on the conservative side (e.g., Ewais et al., 2018; 
Rowe et al., 2020), longer incubation time is required to establish the 
degradation rates at temperatures below 55 ◦C which will aid in refining 
the predictions at lower temperatures. However, to refine the pre-
dictions based on the available data, the tNF predictions of εmax, G* and 
IC=O were also estimated using the activation energies reported by 
Samea and Abdelaal (2023) for BGM1 samples immersed in air and DI 
water, that were established based on 3-temperature Arrhenius plots. 
Table 3 shows the estimated tNF of the two BGMs at typical landfill liner 
temperatures between 20 and 55 ◦C (i.e., below the lowest experimental 
temperatures at which degradation was obtained) based on the best fit 
Ea (using the degradation rates at 70 and 55 ◦C) and the Ea reported by 
Samea and Abdelaal (2023). 

For the chemical and rheological properties, there was a small dif-
ference in the Ea values obtained from the slope of the Arrhenius plots 
for G*, δ, and IC=O for BGM1 and BGM2 (Table 3 and Fig. 5). Since all 
these properties reflect the degradation of the bitumen coat, the differ-
ence in the Ea values may be related to the difference in the curve fitting 
to the data points of the different Arrhenius plots (i.e., degradation 
rates) established based only on two temperatures at the time of writing. 
Additionally, there was a slight variation in the Ea values obtained from 
Samea and Abdelaal (2023) based on the air and water immersion and 
the best-fit Ea from the leachate immersion reported herein. For 
example, for BGM1, the Ea values ranged between 48 and 64 kJ/mol for 
G*, δ, and IC=O, based on Samea and Abdelaal (2023) and from 43 to 60 

Table 3 
Predicted time to nominal failure (tNF) in years of the two BGMs immersed in leachate (rounded to two significant digits).  

Temperature 
(◦C) 

tNF for BGM1 (Years) 

Based on the activation energy from Samea and Abdelaal 
(2023)a 

Based on the best fit activation energyb Mean Predictions ± 
Standard deviation 

εmax G* δ IC¼O εmax G* δ IC¼O Mechanicalc Brittlenessd 

20 40 225 175 180 260 370 150 90 150 ± 110 200 ± 85 
30 18 115 74 83 66 170 67 50 42 ± 24 93 ± 40 
40 8.4 63 33 41 19 80 31 29 14 ± 5 46 ± 19 
50 4.2 36 15 21 5.6 40 15 17 4.9 ± 0.7 24 ± 10 
55 3.0 27 11 15 3.2 29 11 14 3.1 ± 0.1 18 ± 7 
Ea (kJ/mol) 59 48 64 56 100 58 60 43 – – 
Arrhenius 

equation 
ln(s) =
21.6–7097/ 
T 

ln(s) =
18.8–5804/ 
T 

ln(s) =
21.6–7658/ 
T 

ln(s) =
12.1–6797/ 
T 

ln(s) =
36.7–12071/ 
T 

ln(s) =
21.6–6971/T 

ln(s) =
20.2–7209/ 
T 

ln(s) =
7.3–5198/ 
T 

– – 

R2 0.72 0.97 0.99 0.91 1 1 1 1 – – 
tNF for BGM2 (Years) 

20 31 145 144 160 235 160 110 105 130 ± 100 140 ± 22 
30 14 75 60 74 59 84 50 55 37 ± 23 65 ± 12 
40 6.6 41 27 36 16 45 23 30 11 ± 5 33 ± 8 
50 3.3 23 13 18 4.8 25 12 16 4.1 ± 0.8 18 ± 5 
55 2.3 17 8.8 13 2.7 19 8.3 12 2.5 ± 0.2 13 ± 4 
Ea (kJ/mol) 59 48 64 56 101 48 59 48 – – 
Arrhenius 

equation 
ln(s) =
21.7–7097/ 
T 

ln(s) =
18.6–5804/ 
T 

ln(s) =
21.8–7658/ 
T 

ln(s) =
12.2–6797/ 
T 

ln(s) =
37.2–12232/ 
T 

ln(s) =
18.53–5824/ 
T 

ln(s) =
19.9– 
7060/T 

ln(s) =
9.4–5851/ 
T 

– – 

R2 0.77 0.99 0.98 0.98 1 1 0.98 1 – – 

For εmax, time to nominal failure was established based on the time to reach 50% of the minimum value specified by the manufacturer for these BGMs. 
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. 

a Predictions estimated using the activation energies reported by Samea and Abdelaal (2023) for BGM1 samples immersed in air and DI water, established based on 
3-temperature Arrhenius plots. 

b Predictions based on the best fit activation energies using the degradation rates established experimentally at 70 and 55 ◦C in the current study. 
c Average predictions using the activation energies from Samea and Abdelaal (2023) and the best fit activation energies based on εmax. 
d Average predictions using the activation energies from Samea and Abdelaal (2023) and the best fit activation energies based on time to brittleness (G*, δ, and IC=O). 
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kJ/mol based on the best fit from the current study. The similarity in the 
Ea values obtained from the different incubation media can be attributed 
to the similar mechanisms (i.e., thermo-oxidative degradation) gov-
erning the degradation of the bitumen coat in these different incubation 
media. For the Arrhenius plots of the mechanical properties that are 
related to the degradation of the NW-GTX, the Ea values obtained from 
the current study were twice the Ea values from Samea and Abdelaal 
(2023) for air immersion (Table 3). This big difference can be attributed 
to the difference in the degradation mechanism of the NW-GTX in air 
(thermal degradation) and the degradation of the NW-GTX by hydrolysis 
in aqueous solutions. To account for such variation in the Ea values given 
that they were established in the current study based only on two 
elevated temperatures, the average predictions of the tNF established 
based on the Ea values from Samea and Abdelaal (2023) and those from 
the current study are also presented in Table 3. 

In terms of the tNF, the predictions at 55 ◦C based on εmax ranged from 
3 to 3.2 years for BGM1 and 2.3 to 2.7 years for BGM2 (Table 3). This 
was consistent with the current results, showing that the tNF was not 
reached for BGM1 during the 33-month incubation period (~2.8 years), 
while it was experimentally observed after 2.7 years for BGM2. Like-
wise, the average predicted time to brittleness at 55 ◦C, was 18 and 13 
years for BGM1 and BGM2 (Table 3), respectively, that exceeded the 
incubation period presented in the current study during which brittle-
ness in the bitumen coat was not observed for both BGMs. This shows 
that range of the estimated tNF based on the different Ea values in Table 3 
was consistent with the experimentally observed degradation times at 
elevated temperatures for both BGMs during the 33-month incubation 
duration. 

Among the different BGM properties, εmax had the shortest tNF, 
especially at elevated temperatures implying that the BGM may lose its 
mechanical properties before potentially losing its water tightness due to 
brittleness in the bitumen coat. For instance, at 30 ◦C, the estimated tNF 
for BGM1 ranged between 18 and 66 years for εmax and between 115 and 
170 years for G*, based on the two different activation energies used in 
establishing the predictions. The estimated tNF for BGM2 based on εmax 
at the same temperature ranged from 14 to 59 years. This shows that 
while the thicker BGM may seem slightly more durable at low field 
temperatures, the difference in predictions was statistically insignificant 
similar to the experimental data observed at elevated temperatures. 

5. BGM performance in MSW synthetic leachate 

Considering buried liners at the base of a waste disposal facility, the 
average predicted tNF of the BGM liner based on the time brittleness in 
the bitumen coat (i.e., average predictions based on G*, δ, and IC=O) was 
greater than 100 years only for temperatures at or below 20 ◦C (Table 3). 
At a liner temperature of 40 ◦C which is typical for waste containment 
facilities that do not involve operations or wastes that generate elevated 
temperatures (Rowe and Islam, 2009, Rowe, 2012), the average pre-
dictions of the time to brittleness drop to 46 years for BGM1 and 33 years 
for BGM2. This shows the high sensitivity of the bitumen to temperature 
and its effect on the BGM durability. However, the predicted tNF was 
substantially shorter when considering the degradation in the mechan-
ical properties (14 years for BGM1 and 11 years for BGM2) due to the 
effect of the surfactant in leachate on the durability of the polyester NW- 
GTX. This implies that for containment applications that require long 
design lives, the examined BGMs may not be suitable for the contain-
ment of solid wastes containing surfactants since they result in fast 
degradation of their mechanical properties. 

6. Conclusions 

The effect of exposure to MSW leachate on the chemical, rheological 
and mechanical properties of two commercially available BGMs with 
nominal thicknesses of 4.8 and 4.1 mm was examined at four elevated 
temperatures (22, 40, 55 and 70 ◦C). Double-sided immersion tests were 

conducted using synthetic MSW leachate comprising a surfactant, trace 
metals, salts and a reducing agent. For the BGMs and testing conditions 
examined in this study, the following conclusions were reached:  

1. The presence of surfactant in the MSW leachate increased the 
degradation of the polymeric back film and the reinforcement layer 
relative to incubation in DI water. This resulted in a faster degra-
dation in the mechanical properties of the BGM than in the rheo-
logical and chemical properties of the bitumen coat.  

2. The two BGMs exhibited slower degradation rates in the chemical 
and rheological properties of the bitumen coat in the MSW leachate 
than in DI water and air. This was attributed to the reduced condi-
tions of the synthetic leachate examined.  

3. While the 4.1 mm thick BGM had slightly faster degradation than the 
4.8 mm thick BGM, the difference in the degradation rates of their 
bitumen coats and their NW-GTXs was insignificant at the elevated 
temperatures examined herein. This can be attributed to the inef-
fective increase in the resistance of the thicker bitumen coat to the 
migration of the chemical constituents of the leachate into the 
bitumen in the presence of the surfactant. 

4. Predictions of the time to nominal failure of the BGMs at field tem-
peratures between 20 and 55 ◦C showed high sensitivity of the BGM 
to the exposure temperatures. For example, the average estimated 
time to brittleness of the bitumen coat of BGM1 ranged from 200 ±
85 years at 20 ◦C to 18 ± 7 years at 55 ◦C. This highlights the need for 
considering the expected liner temperatures in the field when 
selecting BGMs for the barrier systems of waste containment 
applications.  

5. Based on the predictions of nominal failure established using the 
different BGM properties, εmax had the shortest tNF, implying that the 
BGM may lose its mechanical properties before potentially losing its 
water tightness due to the brittleness of the bitumen coat. 

The results presented in this study show the effect of thickness on the 
time to nominal failure for two elastomeric BGMs examined when 
immersed in synthetic leachate simulating landfill application. The re-
sults are relevant to the particular BGMs and conditions examined. The 
reported experiments involve double-sided exposure to leachate. Thus, 
the time to failure of the BGM in the field in which the BGM is exposed to 
the leachate from one side only is likely to be much longer than the 
predictions reported herein (Rowe et al., 2020). Further studies are also 
required to investigate the performance of BGMs in contact with landfill 
gases to examine their suitability for different solid waste containment 
applications. 
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