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Abstract

High-density polyethylene (HDPE) geomembranes (GM) are used in mine site reclamation cover systems to limit water and
oxygen ingress into sulphide tailings or waste rocks, thereby reducing acid mine drainage generation. The objective of this
paper is to assess the actual properties of small-scale GMs after 20 years of service in the cover system of an existing mine
site. GM samples were exhumed from this site and laboratory tested to determine the standard (Std) and high pressure (HP)
oxidative-induction times (OIT5), tensile properties, and hydraulic and oxygen sorption/diffusion properties. Unfortunately,
the initial properties of the virgin GM before the installation were not available. Properties gathered from this study were
then compared to literature data or to minimal requirements for virgin HDPE GMs as defined by the Geosynthetic Research
Institute (GRI). Results showed Std-OIT values exceeding the minimum requirement of 100 min for virgin GMs while the
HP-OIT values are lower than the minimum requirement of 400 min. The tensile properties exceed the requirements. The
fluid-tightening properties do not appear to be affected to date: the equivalent hydraulic conductivity is around 107* m/s,
and the oxygen diffusion coefficient is around 107> m?%/s. The GMs thus show acceptable performance to date. Further stud-
ies will be needed in the future to determine more long-term GM behaviour where the data from this study will constitute
reference values (in the absence of initial properties).

Keywords Geosynthetics - Geomembrane - Mine site reclamation - Cover system - Exhumation - OIT - Tensile - Fluid
transport properties

Introduction

Mine sites generate substantial amounts of wastes that must
be carefully managed and/or treated to prevent environmen-
tal impacts to the surrounding ecosystem. When sulphide
tailings and waste rocks are stored in surface impoundments,
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this challenge becomes greater. Indeed, when such sulphide
wastes are in contact with water and oxygen, acid mine
drainage (AMD) can be generated in the absence of enough
neutralization capacity. AMD is characterized by acidic pH
(typically from 2 to 5) with high concentrations of dissolved
metals and sulphate, which can be environmentally damag-
ing [1, 2].

In recent decades, various techniques have been devel-
oped to control AMD production in surface waste impound-
ments [3]. One reclamation solution for acid-generating tail-
ings is to apply a multilayered cover system, as illustrated
in Fig. 1, to limit the ingress of water and/or oxygen to the
tailings beneath [4-7]. A typical multilayered cover may
contain up to five layers. From top to bottom, it includes: (1)
a surface layer to allow transition between the atmosphere
and the underlying layers and to provide support for vegeta-
tion, thereby preventing erosion; (2) a protection layer to
prevent bio-intrusion; (3) a drainage layer to control lateral
and vertical water inflow and prevent water evaporation from
the underlaying layer (fluid barrier layer); (4) a fluid barrier
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Fig.1 Configuration of a typical multilayered cover system adapted
from Aubertin et al. [4]

layer, which is critical for controlling water and/or oxygen
ingress; and (5) a support layer placed directly on the tailings
to bear the overlying layers [4].

The different layers can be composed of natural soil and/
or alternative materials, depending on the cover’s main func-
tion (oxygen or water/hydraulic barrier). In the case of low
saturated hydraulic conductivity covers, layer D consists of
materials with low saturated hydraulic conductivity (k)
such as fine-grained soils (clay or fine silt), geomembranes
(GMs), geosynthetic clay liners (GCL), soil-bentonite mixes,
or a combination of these [4, 5, 8]. Typical k, values for
layer D are below 10~ m/s [4].

GMs are synthetic materials composed of resin, used as
a matrix, and additives to provide protection and specific
properties [9, 10]. Resin is prone to oxidation, leading to
material degradation and photodegradation. Oxidation
causes carbonyl group formation, which indicates the GM
degradation stage. Hence, GMs require the inclusion of anti-
oxidants and stabilizers (AO/S) to protect against oxidation
and carbon black to protect against exposure to ultraviolet
(UV) [10-12]. Because AO/S deplete over time, AO/S levels
are determined to indicate the GM degradation stages, as
conceptualized by Hsuan and Koerner [13]. In Hsuan and
Koerner’s conceptual degradation model, the GM ageing
process is considered as a three-stage process: depletion of
antioxidants and stabilizers (stage 1); induction time (stage
2) up to a significant drop in the GM properties (indicat-
ing the onset of stage 3); and polymer degradation (stage
3) up to a 50% drop in GM properties (based on GM initial
properties).

Among a variety of GM types, high-density polyethyl-
ene (HDPE) GM is the most widely used worldwide [9, 10,
14, 15], and particularly for mine site reclamation covers,
including at 11 of 12 sites found in the literature [16, 17].

sat
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Those HDPE GMs were widely used as they have a better
chemical resistance, and they were relatively inexpensive
compared to others, for example linear low-density poly-
ethylene GMs [10]. However, the chemical concern did not
apply for well-designed cover so that the GM is not in direct
contact with tailings. The 12 cover configurations are sum-
marized in Table 1. For all the 12 sites, 8 smooth 1.5 mm-
thick HDPE GMs, 1 smooth 0.75 mm-thick HDPE GM, 2
textured 1.5 mm-thick HDPE GMs, and one smooth 1 mm-
thick linear low-density polyethylene (LLDPE) GM was
used. Textured GMs were installed on the slopes to ensure
better slope stability, as the soil/textured GM friction prop-
erties increased compared to smooth GMs [9, 10, 14, 15].
It is usually accepted that textured GMs would have shorter
service life than smooth ones. This is due to surface corruga-
tions that allow greater exposure to the surrounding media,
resulting in faster AO evaporation/dissolution from the GM
surface [18]. In two cases reported in the literature (Nor-
metal and Mid-North sites), the GMs were also in direct con-
tact with AMD-contaminated interstitial water, which could
reduce the GM lifetime. Accordingly, Gulec et al. [19-21]
and Rarison [16] estimated faster degradation when the GM
was in contact with AMD than non-contaminated water.

The majority of the sites listed in Table 1 are located in
cold regions of Canada. Cold region is defined as an area
where the permafrost is continuous or discontinuous (caus-
ing seasonal thawing in the active layer) or where the frost
depth exceeds at least 0.3 m (causing seasonal freezing in
layers having thickness less than the frost depth) [22-25].
In the Abitibi-Témiscamingue region where two sites were
reclaimed with HDPE GMs (cf. Table 1), the frost depth
can reach 2.0 m in the absence of any snow cover [16, 26].
Given the thicknesses of the overlying cover layers, GMs
could be prone to seasonal thawing in the summer when
permafrost is present (e.g., at the Raglan experimental cell)
or seasonal freezing in the winter when frost penetrates
(e.g., at the Weedon, Normetal, and Victoria Junction sites).
Cold temperatures slow the oxidation reaction according to
Arrhenius’ law, and consequently the GM degradation rate
[27-29]. Previous results on laboratory tested specimens
[16] show that freeze—thaw cycling (up to 300 daily cycles)
alone would have no significant adverse effect on the GM
mechanical, hydraulic, or oxygen sorption and diffusion
properties, as found by others for mechanical [10, 30-32]
and diffusion properties [33].

Nevertheless, little is known about the in-situ behaviour
of GMs used for the reclamation of mine waste storage
facilities. Therefore, the adverse effects of AMD and cold
temperature (with seasonal freezing) on GMs used in min-
ing cover systems remain to be investigated. One way to
assess these effects is to exhume GMs from existing cover
systems. GM exhumation is commonly used for in-service
performance assessment. For example, exhumed GMs were
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Table 1 Mine sites reclaimed with cover systems that include GMs, presented chronologically by reclamation years, adapted from Mbonimpa
etal. [17]

Site (location) Type of waste Reclamation year Downward cover structure References

Weedon (Eastern Townships, Québec, Canada) Tailings 1993 ¢ 0.3 m-thick topsoil [62]
e 0.7 m-thick sand
e 1.5 mm-thick HDPE GM
e Sand and gravel

Kwinana (Western Australia, Australia) Tailings 1998 e 24 m-thick sand [63]
e (.75 mm-thick HDPE GM
e 7.2 mm-thick bentonite geocomposite
e 2 m-thick sand

Mid-North (North of Québec, Québec, Canada)” Tailings 1999-2000 e 1.35 m-thick till [42, 43]
e 1.5 mm-thick HDPE GM
Normetal (Abitibi-Témiscamingue, Québec, Canada) Tailings 2005-2006 e 0.6 m-thick silt [64]
e 1.5 mm-thick HDPE GM
Victoria Junction (Cape Breton, Nova Scotia, Waste rock 2006 e 0.4 m-thick till [65-68]
Canada) e 0.4 m-thick granular drain layer

e 1.5 mm-thick HDPE GM
e 0.15 mm-thick sand

Eustis (Eastern Townships, Québec, Canada) Tailings 2007-2008 ¢ 0.10 m-thick topsoil [69-71]
¢ 0.50 m-thick deinking residues
e Geodrain
e 1.5 mm-thick textured HDPE GM
e 0.3 m-thick sand

Waste rock 2008-2009 e (.10 m-thick topsoil
® (.50 m-thick deinking residues
e Geodrain
e 1.5 mm-thick textured HDPE GM
o Geotextile

Aldermac, south sector (Abitibi-Témiscamingue, Tailings 2008-2009 o 1-m thick sand and gravel [71-74]
Québec, Canada) o Geotextile
o 1.5 mm-thick textured HDPE GM
® (.30 m-thick sand and grave

Scotchtown Summit (Cape Breton, Nova Scotia, Waste rock 2009-2011 e 0.5 m-thick till [67,75]
Canada) e Geotextile
e 1.5 mm-thick HDPE GM
e 0.15 m-thick sand

Franklin (Cape Breton, Nova Scotia, Canada) Waste rock 2010 e 0.6 m-thick till [67,76,77]
e Drainage-net
e 1.5 mm-thick HDPE GM
e Geofabric

Barvue (Abitibi-Témiscamingue, Québec, Canada) Tailings 2014 o (.12 m-thick topsoil [71, 78]
® 0.40 m-thick loamy sand soil
® (.70 m-thick sand and gravel
e 0.30 m-thick sand
e 1.5-mm thick HDPE GM
® 0.30 m-thick sand
® 0.40 m-thick sand and gravel

Suffield (Eastern Townships, Québec, Canada) Tailings 2015 e (.12 m-thick topsoil [71]
® 0.40 m-thick loamy sand and soil
® 0.40 m-thick sand and gravel
© 0.30 m-thick sand
e 1.0 mm-thick LLDPE GM
® 0.30 m-thick sand
® 0.30 m-thick sand and gravel

Raglan experimental cell (Nunavik, Québec, Canada) Tailings 2012 ® 0.60 m-thick riprap [79]
® 0.40 m-thick crushed rock
o 1.5 mm-thick HDPE GM
® 0.40 m-thick crushed rock

“The name of this site has been changed for confidentiality reasons
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used to assess: (1) the stress-cracking resistance of 7 HDPE
GMs exhumed from bottom liners with different exposure
times ranging from less than a year up to 10 years [34]; (2)
the tensile properties of HDPE GM field waves exhumed
from a municipal solid waste landfill after 8 years of service
[35]; (3) the durability of fluorinated HDPE GMs exhumed
from a composite barrier constructed for hydrocarbons spill
containment based on samplings after 1, 3, 6, and 7 years
of service [36]; (4) the properties of geosynthetics (HDPE
geocomposite drain, LLDPE GM, and geosynthetic clay
liner) in landfill covers after 4.7 to 5.8 years of service [37];
(5) the long-term performance of an HDPE GM liner in a
water reservoir [38]; and (6) the long-term performance of
geosynthetics (geosynthetic clay liners, HDPE GMs, and
geotextiles) in composite barrier systems for hydrocarbon-
contaminated soil remediation [39, 40]. The properties of
exhumed GMs are then compared to initial values, if avail-
able, or to literature values such as the GRI GM13 [41]
requirements for HDPE GM, depending on the properties of
interest. In addition, the antioxidant/stabilizer level is usually
assessed to characterize the GM degradation stage according
to Hsuan and Koerner [13] oxidation degradation model.

This paper assesses the properties of a 20-year-old HDPE
GM used in a low saturated hydraulic conductivity covers
applied for mine site reclamation to limit water and oxygen
ingress into sulphide tailings. GM samples were exhumed
from two areas where the GM is supposed to be unstrained
and strained, respectively. In addition to chemical analyses
to determine the GM degradation stage, three key parameters
were determined on exhumed GMs: tensile properties to
assess the mechanical properties, permeability to assess the
sealing capacity, and oxygen sorption and diffusion proper-
ties to assess the ability to limit oxygen flux. Unfortunately,
the initial properties of the virgin GM before the installa-
tion were not available which does not allow to assess the
evolution of the different properties over the 20 years of
service. For this reason, the actual properties are compared
to literature data or to GRI GM13 [41] minimal requirements
for virgin HDPE GMs. The results presented in this paper
will serve for comparison purpose with data gathered from
future studies.

Geomembrane Exhumation

The GMs were exhumed from a site in the Mid-North
region (site MN), reclaimed in 2000 with a cover including
a smooth 1.5 mm-thick HDPE GM. Figure 2 illustrates the
configuration of the reclamation cover. The GM is located
at depths of 1.35 m. Knowing that the potential frost depth
could reach 2.0 m in the region [16, 26], the GM could
undergo seasonal freezing. The GM is in direct contact with
oxidized tailings (see Table 1 and Fig. 2). As mentioned
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Fig.2 Configuration of the cover system at the MN site

earlier, this represents the worst-case scenario due to AMD
effects on GM degradation [16, 19-21].

Historically, the geometry of the site was like a dome
[42] but settlements of about 40 to 47 cm were measured at
the centre of the dome during the first years [43] leading to
a new geometry with a depression zone in the centre. The
settlements could be problematic as they induce permanent
tensile stress into the GM that could generate GM thinning
and then an accelerated degradation [44], even cracks [34].
To assess the effect of the settlement, GM sampling was
carried out approximately in the middle of the depression
where the GM is supposed to be unstrained (noted U), and
at the side of the depression zone where the GM is supposed
to be strained (noted S). The geographical coordinates of
the exhumation areas in terms of DMS Lat and DMS Long
are N49°26'43" and W78°23'53.5" for the unstrained area
and N49°26'37.7" and W78°24'10.2" for the strained area,
respectively (see Table 2).

The GM exhumation was performed in August 2020. The
exhumation can be summarized in four steps: (1) stripping,
(2) excavation and GM cleaning, (3) GM sampling, and (4)
material replacement and rehabilitation. More specifically,
the exhumation campaign began with a delimitation of the
work area to obtain a work surface of 4 mx 4 m at the depth
of the GM. Because vegetation was present on the surface,
stripping was done with care to preserve the excavated soil in
the form of vegetation-covered tiles. The tiles were replaced
after exhumation to facilitate vegetation recovery. Once the
protective layer was laid bare, excavation was performed
using a mechanical shovel, with care when approaching
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Table 2 Properties of virgin GM versus GM exhumed from the MN site

Properties (units) Virgin Mid-North site
Unstrained Strained
MD CD MD CD
Age (years) 0 20
Geographical coordinates - N49°26'43” N49°26'37.7”
W78°23'53.5” W78°24'10.2”
Physical
T (mm) 1.5% 1.566 1.539
Chemical
Std-OIT (min) >100° 102 120
HP-OIT (min) > 400° 301 326
Tensile
TYS (N/mm) >22° 28.3 28.6 27.9 28.4
PYE (%) >12° 17.4 17.4 17.7 16.4
TBS (N/mm) >40° 66.0 64.8 60.6 60.3
PBE (N/mm) >700° 1008 998 910 940
Hydraulic
K, (m/s) [1.10x1071%;1.12x 10714 2.9x107 1.3x107
Oxygen partition coefficient S, (-) - 13.38 13.19
Oxygen diffusion coefficient D, (m?s) [1.79%107':3.59x 1071114 1.50x 10713 1.40x 10713
Oxygen permeation coefficient P, (m?/s) - 2.01x 1072 1.85x 10712

#Nominal thickness

"Minimum values according to GRI GM13[41]

According to Haxo Jr et al. [59] and Giroud and Bonaparte[51]
dAccording to Massey [60] and Wagner Jr [61] (for HDPE films)

the GM. Closer to the GM, cleaning was performed with a
manual shovel to prevent damage to the GM. The GM was
then cleaned with fresh water to reveal its general state. On
visual inspection, some waves were observed, but no major

defects were noted. Figure 3 shows some photographs taken
during the exhumation.

GM sampling was then performed. A sample was taken
from the exhumed GM (U and S) using a cutter with a frame

Fig. 3 Photographs taken during the exhumation: a excavation, b cleaning and ¢ GM sampling
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to obtain square 1 mX 1 m sheet. Once the sampling was
completed, the GMs were replaced by a contractor certified
by the International Association of Geosynthetics Installers
to ensure the integrity of the covers. The protective layers
were then immediately replaced at similar state than before
the exhumation along with the vegetation-covered topsoil
tiles. The GM samples were then cleaned with fresh water
on site and transported to the laboratory where they were
stored and protected from UV rays to prevent degradation.
The sheet samples were then used to perform physical,
chemical, mechanical, hydrogeological, and oxygen diffu-
sion characterization tests. The direction in which the GM
roll was installed (machine direction, MD) was also marked
to allow assessing potential GM anisotropy by comparing
tensile properties in MD and crossmachine direction (CD).

Geomembrane Characterization Methods
Geomembrane Thickness

The thickness of the GM samples was measured according
to ASTM D5199 [45] using an MTG-DX2 thickness gauge
which has an accuracy of +4 um (Checkline, USA). The
GM thickness Ty, was defined as the mean of 10 thickness
measurements on 80 mm diameter disks.

Antioxidant/Stabilizer Levels

The antioxidant and stabilizer levels were assessed by dif-
ferential scanning calorimetry (DSC) according to the stand-
ard (Std-OIT) and high-pressure oxidative-induction time
(HP-OIT) methods described in ASTM D3895 [46] and
D5885 [47], respectively. The Std-OIT were performed in-
house using a STD Q600 TGA/DSC analyzer (T.A. Instru-
ments, US) at 200 C, and the HP-OIT were performed by
an external lab (SAGEOS GCTT Group, QC, Canada) at
150 °C under a pressure of 3.4 MPa. The standard tests were
performed in duplicate, and the high-pressure tests were only
performed with single scanning on the U and S samples.
The two tests are complementary as the effective tempera-
ture ranges of antioxidants and stabilizers are different. For
example, hindered phenols, whose effective temperature
range is up to 300 °C, can be detected with the standard test,
while hindered amines, whose effective temperature range
is up to 150 “C, can only be detected with the high-pressure
test [10, 13].

Tensile Tests

The tensile properties of the exhumed GMs were assessed
by tensile testing according to ASTM D6693 [48] at a test

@ Springer

speed of 50 mm/min. For each U and S GMs, specimens
were prepared in the two principal directions: in machine
direction (MD) and in crossmachine direction (CD). Five
tests were performed for each direction. The tests were
performed with a BT1-FRO20TN tensile bench (Zwick
Roell GmbH, Germany). Each test gives the stress—strain
curves for the determination of four parameters: the tensile
yield strength (T'YS), the percent yield elongation (PYE),
the tensile break strength (7BS), and the percent break
elongation (PBE).

Permeability Tests

Single permeability tests were performed on the U and
S GMs using an in-house setup according to the Euro-
pean standard NF EN 14150 [49]. Each test takes about
20 days. Details of the setup and method are presented
in Rarison et al. [50]. In summary, the GM specimen
(24 cm in diameter) is placed between two half cells,
one upstream and one downstream, which are then filled
with deaerated water keeping a pressure difference Ap of
100,000 Pa between the upstream and downstream side of
the GM. The pressure and volume in the two half cells are
monitored by a VJT2267 dual automatic hydraulic pres-
sure/volume controller (VJ Tech, United Kingdom). The
test provides the volumetric flux of deaerated water (Q)
through the GM per unit of time. The equivalent hydrau-
lic conductivity K, (m/s) can be then determined from Q
(m>/s) with mathematical transformations of the equation
developed by Giroud and Bonaparte [51] (see Eq. 1):

K = QXPWXgXTGM
§ Apx A

: ey

where p,, is the density of the deaerated water used with
p,,=995.67 kg/m?® at 30 °C [52] (where 30 C is the water
temperature recorded by the pressure/volume controller), g
is the acceleration due to gravity (9.81 m/s?), Tom 1s the GM
thickness (m) as determined with ASTM D5199 [45], Ap is
the pressure difference (100,000 Pa), and A is the surface
area (m?) of the GM specimen. The area A corresponds to
a disc surface for the internal diameter (20 cm) of the cell,
where A=0.0314 m?.

Preliminary permeability tests (five tests) were con-
ducted to evaluate the equivalent hydraulic conductivi-
ties of a typical virgin HDPE GMs with a thickness of
1.5 mm. Results were used to determine the standard error
of the measurement. A mean K, of 1.10x 107'* m/s with a
standard deviation of 4.50 x 10~'> m/s were obtained. This
standard deviation was then used to calculate the stand-
ard error of the measurement which was applied on the
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results obtained from the single test performed on the U
and S GMs.

Oxygen Sorption and Diffusion Tests

The oxygen mass flux through a GM sheet can be given by
Eq. (2) [53]:

599G dc; ,
f=Dygm ==SyDer =P @

where fis the oxygen flux (kg/m?/s), D, is the oxygen dif-
fusion coefficient (m?%/s), C, is the oxygen concentration in
the geomembrane (kg/m?), z is the oxygen diffusion direc-
tion (m), S, is the oxygen partition coefficient (-), C;is the
oxygen concentration in the fluid, and P, is the oxygen per-
meation coefficient (m?/s).

The oxygen sorption and diffusion properties of the GM
are determined using in-house sorption and diffusion test-
ing setups [16] to obtain S,,and D, respectively. P, is then
determined with Eq. 2. For each U and S GM, a sorption
test was performed using a sorption cell in which the two
half-chambers were filled with pure oxygen. S, is then
determined at equilibrium with the following mathematical
transformation of the equation developed by Sangam and
Rowe [53]:

§ = (CfO - CfF)Hcell 3)
¢ Crlom
where Cj is the initial oxygen concentration, Cy is the
oxygen concentration at equilibrium, H is the half-cell
height(m), and Ty, is the GM thickness (m).
Simultaneously with each sorption test, a diffusion test
was performed with a diffusion cell in which the source
chamber is filled with pure oxygen and the receptor cham-
ber is filled with pure nitrogen. During the test, the oxygen
concentration in the source chamber decreases while the
oxygen concentration in the receptor chamber increases.
POLLUTE V. 7 software [54] is then used to interpret the
test results to obtain D,. Each simultaneous sorption and
diffusion test takes about 30 days. The test is described in
greater detail in Rarison, et al. [50]. Preliminary tests have
given mean D, of 5.75 X 10713 m%s with a standard deviation
of 4.8 10713 m%s for virgin HDPE GMs with a thickness
of 1.5 mm. These preliminary tests were also used to define
the standard error of the measurement related to the single
test performed on the U and S GMs.

Statistical Analysis

To assess the significance of the differences between the
results from the unstrained and strained zones or the machine

and crossmachine directions, two-sample ¢ tests [55] have
been carried out. A two-sample ¢ test is a statistical analysis
for mean comparison of two sets of data from a normal dis-
tribution. This test is used to distinguish whether the means
of two groups (inter-group variation) are significantly dif-
ferent or not, considering the intra-group variation. The test
gives a p value that should be superior to the significance
level to verify if the means are not significantly different.
The normality of the distributions have been verified with
Kolmogorov—Smirnov test [56]. The p value given by this
normality test should be superior to the significance level to
verify the normality of the distribution. The statistical analy-
sis has been performed with OriginPro software. Those tests
work for small size samples (n > 3). The significance level
has been set to 0.05 for those tests. They have been used to
assess the significance of the differences between the results
for the thickness of U and S GMs, and the tensile properties
of U and S GMs in MD and CD.

Results and Discussions

Table 2 summarizes the different properties of virgin GM
(from the literature) and the measured properties.

Geomembrane Thickness

Figure 4 shows box plots (with standard deviation as error
bars) of the measured thicknesses T, of unstrained and
strained GM specimens. The mean thicknesses are 1.566 mm
and 1.539 mm for the unstrained and strained GM, respec-
tively (see Table 2). These values are above the nominal
thickness of 1.5 mm. Furthermore, T, from the unstrained
GM are higher than the strained. After the verification of

Unstrained
1.60 .
Strained
T Mean+1SD
— — . .
158 4 — Median Line
— = Mean
€
£
o 1.56 3
%]
(0]
C
X
[S]
‘= 1.54 \
'_
1.52 -
1.50 T T

Unstrained Strained

Fig.4 Box plots (with standard deviation as error bars) of the thick-
nesses of unstrained and strained GMs
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the normality of the data distribution (p value(7 gy ;) =0.94
and p value(7Tgy.g) =0.86), two-sample ¢ test showed that the
mean difference between 7y, of the unstrained and strained
GM is significative (p value(Tgyy Vs. Tgps) =0.01), which
means that the settlement appears to induce GM thinning.

Antioxidant/Stabilizer Levels

The standard (Std) and high pressure (HP) OITs of the
unstrained and strained GMs are shown in Fig. 5 and pre-
sented in Table 2. The mean Std-OITs are 102 min and
120 min and the HP-OITs are 301 min and 326 min for
GMs exhumed from the unstrained and strained areas,
respectively. The unstrained GM has then lower quantity of
AO/S compared to the strained GM which means that the
unstrained GM is more degraded than the strained one. The
difference could be due to the heterogeneity of the tailings,
and then the media to which the GM is exposed to. The tail-
ings in the centre of the impoundment where the U GM was
exhumed were highly oxidized [42] and would then be more
aggressive than the tailings in the edge of the impoundment
where the S GM was exhumed, leading to the reduction of
OITs. Indeed, the tailings in the edge of the impoundment
were partly or non-oxidized [42]. It could be also due to the
water accumulation in the centre of the impoundment where
the U GM was exhumed.

The Std-OITs exceed the minimum requirement of
100 min, while the HP-OITs are lower than the minimum
requirement of 400 min for virgin HDPE GMs, according to
GRI GM13 [41]. The degradation of HP-OIT could indicate
that the GM would have been exposed to atmospheric condi-
tion for a long time before the installation of the overlying
till layer, leading to the depletion of hindered amine light
stabilizers.
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Fig.5 Standard and high-pressure OITs of unstrained and strained
GMs
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When the OITs reaches a plateau corresponding to their
residual values, the antioxidants and stabilizers would be
completely depleted [13, 57]. These residual values can
be as low as 1.5 min and 80 min for Std-OIT and HP-OIT,
respectively, depending on the antioxidant/stabilizer pack-
age, according to Ewais, et al. [58]. There has certainly been
AO/S depletion other the 20 years of service, but the GMs
still contain AO/S as the OITs are largely above the typical
residual values mentioned by Ewais, et al. [58]. The GMs
then remain in the antioxidant depletion stage according
to Hsuan and Koerner [13] degradation model. The loss
of AO/S from the GM would change the structure of the
amorphous zone. That could then affect the tensile proper-
ties and especially the permeability and the oxygen diffusion
properties.

Tensile Properties

The results for the tensile properties in machine direction
(MD) and crossmachine direction (CD) are presented as box
plots in Fig. 6, depicting the yield properties (7YS and PYE)
and break properties (TBS and PBE). The obtained mean
tensile properties are presented in Table 2 and compared to
the minimum requirements for virgin HDPE GM accord-
ing to GRI GM13 [41] (see Fig. 6). The first observation is
that, all the tensile properties exceed the minimum require-
ments for smooth HDPE GM with a thickness of 1.5 mm
[41] which means that the exhumed GMs have decent tensile
properties to be used as they should.

The results of the normality verification are presented in
Table 3 and the results of the mean comparison are presented
in Table 4. There are no statistically significant differences
between the results from MD and CD for a given exhumation
area (strained or unstrained GM specimens), which means
that there is no anisotropy of the tensile properties of the
material, with the exception, however, of the PYE. Further-
more, there are no significant differences between the yield
properties of the samples from unstrained and strained areas
for a given direction, which means that the settlement has
no significant effect on the yield properties. For example,
the TYS for the exhumed unstrained and strained GMs are
28.3 and 27.9 N/mm in MD and 28.6 and 28.4 N/mm in
CD, respectively. However, statistically significant differ-
ences can be noted between the break properties (7BS and
PBE): the break properties of the GM from the strained area
are significantly lower than from the unstrained one, which
means that the settlement could induce a reduction of the
break properties. For example, the PYE for unstrained and
strained GM are 1008 and 910% in MD and 998 and 940%
in CD, respectively. The settlement would then induce thin-
ning into the geomembrane hence the reduction of break
properties.
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Fig.6 Box plots (with standard deviations as error bars) of the ten-
sile properties of unstrained and strained GMs in machine (MD)
and crossmachine (CD) directions with GRI GM13 [41] minimum

Table 3 P values for the verification of the normality distribution of
the tensile properties

Properties Unstrained Strained

MD CD MD CD
TYS 1.00 1.00 1.00 1.00
PYE 0.50 0.35 0.28 1.00
TBS 1.00 1.00 1.00 1.44
PBE 0.51 1.00 0.99 1.00
Permeability

Figure 7 presents the equivalent hydraulic conductivity (K,)
with the standard error of measurement (SEM) determined
from preliminary tests as presented in Rarison [16]. The
results from the two areas are in the same order of magnitude

requirement: a tensile yield stress, b percent yield elongation, ¢ ten-
sile break strength, and d percent break elongation

(107'* m/s). The typical range of K, values for virgin HDPE
GM:s is also presented (1.15%107° m/s <K, <1.12x 107
m/s) [51, 59]. The measured K, values are higher than this
range, but they remain around 10~'* m/s which means that
the GM remains watertight at the two exhumation areas.

Oxygen Sorption and Diffusion Properties

Table 2 presents the oxygen sorption and diffusion prop-
erties, i.e., the partitioning coefficient (S gf), diffusion coef-
ficient (D,), and permeation coefficient (P,), for the GMs
exhumed from the two areas. Figure 8 presents the D, val-
ues (with error bars for the measurements as determined by
Rarison [16]) for the GMs from each area (S and U). Typi-
cal range of D, values (1.79 X 107" m%/s <D,<3.59% 1071
m?/s) for virgin HDPE films (thickness < 0.250 mm) is also
presented [60, 61]. The experimental values of D, for the

@ Springer



1 Page 10 of 13

International Journal of Geosynthetics and Ground Engineering

(2023) 9:1

Table 4 Mean comparison of the tensile properties

Properties  Comparison p value Interpretation

TYS U-MD vs. U-CD  0.27
S-MD vs. S-CD 0.49
U-MD vs. S-MD 043
U-CD vs. S-CD 0.75
PYE U-MD vs. U-CD  0.88
S-MD vs. S-CD  0.01
U-MD vs. S-MD  0.27

Not significantly different
Not significantly different
Not significantly different
Not significantly different
Not significantly different
Significantly different

Not significantly different

U-CDvs.S-CD  0.04 Significantly different
TBS U-MD vs. U-CD  0.04 Significantly different
S-MD vs. S-CD  0.73 Not significantly different
U-MD vs. S-MD  0.00 Significantly different
U-CD vs. S-CD 0.00 Significantly different

PBE U-MDvs. U-CD  0.35
S-MD vs. S-CD  0.11
U-MD vs. S-MD  0.00
U-CDvs.S-CD  0.00

Not significantly different
Not significantly different
Significantly different
Significantly different

4.0x10™ T T

3.5%x107 4 :
43 3.0x10™ 4 .
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Fig.7 Equivalent hydraulic conductivity (with error bars) for
Unstrained and Strained GMs

strained and unstained GM are close (about 107! m?/s) and
lower than the typical values given for virgin HDPE films.
The exhumed GMs then remain able to limit the oxygen flux.

Conclusions and Limitations

Laboratory tests performed on HDPE GM specimens
exhumed from the unstrained and strained areas of a mine
site, located in the Mid-North region of Québec, Can-
ada, 20 years after their installation lead to the following
conclusions:

@ Springer
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e The settlement induces thinning into the GM and a loss
of mechanical resistance;

e The AO/S have not completely depleted over the 20 years
of service, as the measured OITs are above the typical
residual values from literature, the GM specimens remain
in the first degradation stage of antioxidant depletion;

e The GMs meet almost all GRI GM13 requirements for
virgin HDPE GM in terms of chemical and tensile prop-
erties even after 20 years of service, except for the HP-
OIT;

e The fluid-tightening properties of the GM do not appear
to be affected to date as the equivalent hydraulic con-
ductivity values are around 107!* m/s; and the oxygen
diffusion coefficients around 107> m?%s.

At the scale of the tested samples, the exhumed HDPE
GMs do not present visual defects, and they appear to main-
tain their engineering properties as they remain in the first
degradation stage of the degradation model proposed by
Hsuan and Koerner [13]. The different conclusions that have
been made relate only to the material itself. Further in-ser-
vice quality controls would be required (every 10 years for
example) to monitor potential changes in the GM properties.
In the absence of the properties of virgin GM (before instal-
lation), the results presented here provide reference values
for future works.

This study was performed on small-scale GM samples
that would not be representative of the GM at large scale
while it is well known that the performance of a GM cover
system is significantly affected by the scale. Therefore, field-
work at a larger scale should also be necessary to obtain
a better understanding of the real performance of GMs
used as low permeability layers in cover systems used for
the reclamation of mine waste storage facilities. Further
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investigations should include assessments of the influence
of temperature and settlement on GM strain states as well as
the GM water percolation control performance using in-situ
data and large-scale infiltration tests.
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