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Abstract: The tailings from gold beneficiation can cause various negative impacts, necessitating
measures to prevent their transport and environmental contamination. Geomembranes serve as
hydraulic barriers in mining tailings reservoirs, thereby supporting the Sustainable Development
Goals (SDGs). To ensure that the geomembrane effectively mitigates environmental impact, it is
essential to study its durability when applied in the field. This article examines the long-term
performance of an HDPE geomembrane exposed for 7 and 11 years at a gold mining tailing site
in Brazil. Samples were exhumed from different locations at the dam, and their properties were
evaluated. Non-parametric statistics were employed using the Kernel Density Estimator (KDE). For
the 11-year-old geomembranes, the probability of the geomembrane reaching nominal failure in terms
of tensile strength was 0.4%. The peel separation values exceeded the maximum allowable by the GRI
GM13 standard. Although the geomembranes showed significant antioxidant depletion, suggesting
they were close to or had already reached their residual stages, they approached nominal failure
based on their stress crack resistance but did not rupture. The environmental analysis indicated no
significant contamination in the area, corroborating that the geomembrane is fulfilling its function.
The non-parametric methodology proved promising for durability analysis and could be applied
to other engineering projects with geosynthetics, thereby adding reliability to decision-making in
alignment with sustainable development.

Keywords: geomembrane; long-term performance; sustainable development goals

1. Introduction

The Industrial Revolution marked history, prompting a growing awareness of the need
for production processes that prioritize the mitigation of environmental and social impacts
on Earth [1–5]. Since then, exponential population growth combined with unchecked con-
sumption patterns have become primary drivers of climate change and extreme weather
events, which directly impact social well-being, economic stability, and public health. Natu-
ral resources, such as water and minerals, are becoming increasingly scarce in both quantity
and quality due to unregulated extraction, pollution from manufacturing and industrial
processes, agricultural activities, and environmental contamination in general [6–8]. This
underscores the urgent need to prioritize planetary sustainability. With this in mind, nu-
merous international conferences, discussions, and diplomatic gatherings have been held

Appl. Sci. 2024, 14, 6821. https://doi.org/10.3390/app14156821 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14156821
https://doi.org/10.3390/app14156821
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-6243-5702
https://orcid.org/0000-0002-9241-538X
https://doi.org/10.3390/app14156821
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14156821?type=check_update&version=3


Appl. Sci. 2024, 14, 6821 2 of 21

to address the imperative of limiting greenhouse gas emissions and exploring pathways
towards sustainable development [9–15].

The extraction of minerals from the Earth’s surface is known as mining. Economically,
mining plays a crucial role in the development of many countries, and it is essential for
the production of new products [16]. However, this activity not only removes natural
resources from their original locations, causing significant changes in local topography and
geomorphology, but also generates noise, visual, and air pollution, as well as impacting
local flora and fauna [17]. Specifically, gold mining might contribute to the contamination
of water bodies with metals and acidic drainage [18]. Due to the adsorption/desorption
of these metals, there is potential for long-term contamination over significant distances
from the original source [19]. Some of the chemical elements generated and stored as
mining tailings in dams include arsenic (As), zinc (Zn), copper (Cu), and sulfur (S) [18]. At
concentrations higher than those that naturally occur, these elements can pose health risks,
such as cancer, and environmental hazards, by altering soil properties, for example [20].
A key focus in the context of mining is the proper containment of tailings reservoirs to
prevent the transport and contamination of groundwater and the surface [21]. Therefore,
it is crucial to identify and implement mitigation and remediation alternatives that pro-
mote economic development, safety, quality, and sustainability in a comprehensive and
integrated manner [16].

Geosynthetics are planar polymeric materials manufactured primarily for use in engi-
neering works to function in conjunction with soil, rock, or other geotechnical materials [22].
Geosynthetics are versatile materials capable of playing a role in advancing the achieve-
ment of the Sustainable Development Goals (SDGs) outlined in the 2030 Agenda [23–26].
Since variations in the excavated natural material environment might favor the occurrence
of chemical reactions that might release arsenic, the use of geosynthetics to replace these
materials can be an environmentally friendly alternative [27]. An example of this is the
use of geomembranes as hydraulic barriers in mining tailings reservoirs, instead of using
a compacted clay layer (CCL) to prevent percolation and consequently environmental
contamination by metals. Geomembranes are geosynthetics with low permeability and are
therefore used as hydraulic barriers [22,28]. They are flat, thin, and flexible materials that
can be either bituminous or polymeric [28].

Polymeric geomembranes can be of various compositions, including high-density
polyethylene (HDPE), medium-density polyethylene (MDPE), linear low-density polyethy-
lene (LLDPE), polyvinyl chloride (PVC), chlorosulfonated polyethylene (CSPE), chlorinated
polyethylene (CPE), ethylene propylene rubber (EPDM), and polypropylene (PP) [28,29].
Geomembranes can also be classified based on their contact surface, such as textured or
smooth. The choice of geomembrane type to be used will depend on the project, which
should take into account the type of application and the boundary conditions.

HDPE geomembranes are typically composed of 96–97.5% polymer resin, 2–3% carbon
black additive, and 0.5–1% other additives such as antioxidants and stabilizers [29–31].
The polyethylene in geomembranes has crystalline lamellae, where the layers are orderly,
folded, and packed, and amorphous regions, with a disordered form. The properties
of polyethylene depend on its structural arrangement. Therefore, any alterations due
to aging/degradation (when the inter-lamellar connections in the amorphous zone may
break down), or variations between geomembranes, can lead to different performance
and durability characteristics [29]. Also, there are different processing methods to obtain
the final geomembrane product, such as flat die extrusion and blown film extrusion,
which might influence the characteristics and properties of the final material. As a result,
several different chemical and mechanical properties might be found between HDPE
geomembranes, although all of them have the same objective, which is to meet the minimum
values required by the standards and design specifications [30].
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To ensure that geomembranes effectively mitigate environmental impact, focused on
their application to mining reservoir dams, it is crucial for them to meet the minimum
performance requirements specified in the design. Therefore, it is essential to study the
durability of these geosynthetics when they are applied in the field. The degradation of a
geomembrane typically consists of three stages. The first stage involves the depletion of
antioxidants in the material until they reach their residual value. The second stage marks the
onset of polymer degradation, though no significant changes in its mechanical properties
are observed at this point. The third and final stage is characterized by measurable changes
in the mechanical properties of the geomembrane, leading to its nominal failure [29–34].
Nominal failure is when a selected physical property, such as the tensile elongation or
strength at break, is reduced to 50% of its initial value or the minimum value specified by
the standard GRI GM13. Although it is a conservative approach, the literature presents
various studies that evaluate the durability of geomembranes based on the premises of the
GRI GM13 standard [30,34–45].

It is important to highlight that geomembranes do not always follow these three stages,
as their performance can vary depending on their composition, the manufacturing process,
and the boundary conditions to which they are subjected. For example, ref. [44] observed
that, in that specific case, the antioxidants in the material did not reach their residual value
before measurable changes in its mechanical properties were observed.

Various degradation mechanisms can affect geomembranes when they are exposed
to field conditions depending on the environmental factors. These mechanisms include
degradation by ultraviolet (UV) rays, temperature, chemical or biological action, and
oxidation, among others [31,33,46]. These processes lead to the physical and/or chemical
aging/degradation of the geomembrane, which will be reflected in a reduction in its
mechanical properties [29,30]. Typically, these degradation mechanisms do not act in
isolation; their synergistic effects might accelerate the material’s degradation [46].

One prominent degradation mechanism is oxidation, which can be accelerated by
thermal or radiation energy, as well as by the presence of transition metals [29,46]. This pro-
cess involves the generation of free radicals through reactions with oxygen, leading to the
breakdown of polymer chains, changes in molecular structure, and alterations in morphol-
ogy [29]. As a result, the geomembrane becomes brittle and susceptible to stress cracking,
which might negatively influence the efficiency of the geomembrane as a hydraulic bar-
rier [46]. Antioxidants and stabilizers added to the geomembrane formulation aim to
“capture” these free radicals or reduce active hydroperoxides into inactive alcohols [29].
Some of the commonly used antioxidants include hindered phenols, thiosynergists, and
hindered amine stabilizers (HALSs) [43].

In engineering, the application of statistical tools to data analysis and the prediction of
the behavior of systems during their service lives is a common practice aimed at enhancing
reliability [47–53]. Various studies indicate variability in the test results in assessing the
aging and degradation of geomembranes, such as the high-pressure oxidative induction
time (HP-OIT) and SCR [30,31,33–35,46,54]. These variations are evident even when consid-
ering the same batch of geomembranes, as the data are random variables. Non-parametric
statistics allow for variations in and adjustments to the representative curve of the proba-
bility density functions (PDFs) to better fit the random-variable data. Given that random
variables are influenced by the associated factors, it is advisable to employ probabilistic
statistical tools when dealing with these parameters. This approach allows for a deeper
understanding of the sample behavior and enables inferences about the population, ulti-
mately enhancing reliability and reducing the inherent calculation uncertainties associated
with deterministic analyses.
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In this context, this article applied a complementary approach to assessing the reliabil-
ity of geomembranes exposed to weather conditions for an extended period, specifically 7
and 11 years, at a gold mining tailing site in Brazil. The proposed methodology advocates
for the application of non-parametric statistics, utilizing a Kernel Density Estimator (KDE).
With this methodology, it is possible to obtain a PDF that best represents the behavior evalu-
ated in the material as a function of the chosen variable within the context of the boundary
conditions to which the material is subjected. We aimed to investigate the degradation that
had occurred in the properties of HDPE geomembranes after 7 and 11 years of exposure to
local weathering conditions and provide insights into the HDPE geomembranes’ long-term
performance. Thus, we also aimed to contribute to reducing the risks and uncertainties
inherent in the design process, depending on the environment and function of a given
geomembrane, thereby contributing to the execution of resilient projects.

2. Geomembranes and Sustainability

A geosynthetic can be a geotextile, a geogrid, a geomat, a geocell, a geoblanket, a
geosynthetic barrier (synthetic/bituminous geomembranes or clay), or a geostrip, among
other things. The different types of geosynthetics serve various functions depending on
their application, such as separation, reinforcement, drainage, protection, or a barrier [55].
Consequently, geosynthetics are highly adaptable materials that can play a significant
role in achieving the Sustainable Development Goals (SDGs) set forth in the 2030 Agenda.
Enhancing the reliability of these materials also bolsters the dependability of the structures
in which they are employed. This, in turn, ensures the fulfillment of and contribution to
the SDGs while promoting the widespread adoption of these materials.

There are many environmental benefits to which geosynthetics can be related. As
a complement to this approach, economic benefits can be mentioned. Ref. [15] showed
that with the application of geosynthetics, it is possible to reduce the cost of the imported
materials and the amount of waste and provide more efficient use of resources compared
with traditional engineering solutions. Most of the time, the geosynthetic installation cost
is lower than that for natural material alternatives [55]. Excavation, placement, and com-
paction consume a lot of energy, which would be reduced with the use of geosynthetics [56].
Consequently, this usage can mitigate greenhouse gas emissions.

In this context, the International Geosynthetic Society (IGS) has implemented the IGS
Sustainability Benefits Calculator on its website. This tool allows users to quantify the
sustainability benefits of geosynthetics across various typical applications, such as landfill
construction, road foundation and course stabilization, slope retaining walls, paving, canal
lining, and drainage. It enables a life cycle assessment, demonstrating the advantages of
geosynthetics compared to traditional solutions. However, to ensure that the benefits of
using geosynthetics are realized, it is essential to maintain the integrity of the geosynthetic
material throughout its service life, as specified in the project.

The durability of geosynthetics applied to engineering works has been a prominent
topic in geotechnical research since the beginning of the use of these materials [57–61].
Ref. [62] indicated ways to analyze geomembrane durability through destructive tests
on its seams. Ref. [63] presented a durability study of geomembranes, geotextiles, and
geocomposites exposed to acid mine drainage in an environment with limited access to
oxygen and radiation over a period of 22 months.

Understanding the durability of geosynthetics is intrinsic to the design of these mate-
rials applied in geotechnical and civil engineering works given the social, economic, and
environmental impacts that the failure of the structures in which these materials are used
can have. Thus, due to the importance of these structures in which geosynthetics are ap-
plied and the functions they perform, with emphasis on the recent history of these materials’
application and the expected longevity of these structures, it is essential to understand
their durability.

Mining often produces a significant amount of tailings, which can contain chemical
elements that are difficult to degrade, such as heavy metals [18]. These heavy metals are
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pollutants and toxic even at low concentrations, posing hazards to the environment and
surrounding populations [20]. To prevent contamination and health issues, it is crucial
to implement an ideal management plan for mining. This plan should prioritize environ-
mental protection by applying techniques and materials that reduce waste, minimize the
extraction of natural resources, decrease carbon emissions in the production and construc-
tion chain, and prevent the percolation of potential contaminants into the groundwater,
among other measures [21,64]. One type of material that can aid in environmental protec-
tion is geomembranes. In mining, they can be used as hydraulic barriers in heap leach
pads, tailings storage facilities (TSFs), or cover piles or be incorporated into cover systems
at the end of the operation, among other applications [15].

When properly designed and installed, geomembranes used in mining can signifi-
cantly contribute to the Sustainable Development Goals (SDGs). For example, by minimiz-
ing the flow of contaminants from tailings deposited in TSFs, they can help achieve SDG 3
(Good Health and Well-Being) by reducing the risk of diseases caused by exposure to heavy
metals [65]. They also support SDG 6 (Clean Water and Sanitation) by reducing the risk of
groundwater contamination and ensuring safer drinking water sources [66]. Additionally,
they may promote SDG 15 (Life on Land) by mitigating the impact of heavy metals on flora
and fauna, as evidenced by reductions in the negative effects on plant diversity [67].

Furthermore, geomembranes can contribute to SDG 13 (Climate Action) by potentially
reducing greenhouse gas emissions. The use of geomembranes can lower the need for
extensive remediation activities, which often involve significant carbon emissions. Addi-
tionally, ref. [68] compared the carbon footprint of HDPE geomembranes with traditional
waterproofing barriers. The study showed that, considering all the resources and energy
required for installation, a 1.5 mm HDPE geomembrane (transported 1000 km from the
manufacturing plant to the site) had lower carbon dioxide emissions compared to an
equivalent CCL (transported 16 km from the extraction source to the site).

3. Case of Study
3.1. Materials

The geomembrane applied in this study was a smooth HDPE, 2.0 mm thick. Unfortu-
nately, the authors did not have access to the properties of the intact geomembrane, and
therefore, the analyses were conducted using the reference values provided by the GRI
GM13 standard [45]. The geomembrane was installed in 2009 with the aim of reducing
groundwater contamination due to tailings disposed of in the reservoir of a mining dam.
In 2013, the dam was raised, and a new section of geomembrane from a different batch
was installed. It is important to highlight that some of the data used are proprietary or
confidential in nature and thus may only be provided with restrictions.

The geomembrane was installed, and samples were collected from three distinct
regions after 7 (the first region) and 11 years (the second and third regions) of exposure.
The geomembrane section exposed in the first region (SP1) faced northwest, was on a slope
of 60◦, and experienced exposure to weathering exclusively. The geomembrane section
exposed in the second region (SP2) was oriented towards the north at a 0.54◦ slope and was
alternatingly exposed to weathering and tailing, depending on the reservoir’s elevation,
with a specific focus on the seam region. At that time, the geomembrane surfaces were
bonded in situ using a double thermo-fusion hot wedge method. Lastly, the geomembrane
section exposed in the third region (SP3), also facing north and at 0.67◦, was alternatingly
exposed to cycles of weathering and tailing due to the variation in the level of tailings inside
the reservoir. The exhumated samples had a 1 m2 surface area. Figure 1 shows the schematic
location of the samples, and the arrows indicate the orientation of the geomembrane. The
samples were exhumed from the side opposite the tailing spigot, where the tailing level
varied (SP2 and SP3), and from the upstream side of the dam, without contact with the
tailings (SP1).
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Figure 1. Schematic layout of the tailing dam showing the locations where the evaluated samples
were exhumed.

3.2. Field Exposure Conditions

The geomembrane was installed in Brazil in a location with a temperate climate,
with an average annual temperature of around 23 ◦C and a rainfall rate of approxi-
mately 1400 mm/year. The average altitude is 650 m above sea level. In this region,
summer (December–March) is marked by high temperatures and precipitation. Winter
(June–September) is marked by lower temperatures, as well as lower amounts of precipi-
tation. The highest UV index values are observed in spring (September–December), and
the lowest values are seen in autumn (March–June). Despite these variations, the UV
index value appears to remain stable throughout the months of the year, averaging around
5. Figures 2–4 show graphs characterizing the climate of the exposure site, representing
the variation in the average values of the lowest and highest temperatures measured by
the local meteorological station in each month; the precipitation; the UV index; and sun
h/month over a 1-year period.
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Figure 2. Variation in average monthly air temperatures over a 1-year period at the sample exposure site.

In addition to being exposed to weathering from climatic conditions, samples 2 and 3
of the geomembrane were alternately exposed to chemical weathering caused by contact
with the tailings from gold mining deposited in the reservoir.

Following extraction from the original mine, the run of mine (ROM) material is
conveyed to the beneficiation plant, where the gold recovery process is initiated. This
process comprises several key stages, including crushing, separation, gravity concentration,
cyanide leaching, gold recovery, and the production of tailings. Additionally, the facility
employs an industrial effluent treatment system to facilitate water reuse. The leaching
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process employs cyanide to enhance gold recovery, leading to the storage of cyanide tailings
in a line dam due to their hazardous classification.
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exposure site.

The tailings contained in the dam have levels of arsenic, iron, and sulfate significantly
above the maximum permissible limits [69], indicating high potential for contamination.
The cyanide value is slightly above the limit. The pH value indicates a slightly alkaline
solution. Table 1 displays the levels of these constituents in the mining tailings compared
to the maximum values from the standard [69].

Table 1. Tailing solubilization test parameters.

Parameter Value Unit Maximum Limits

Arsenic 5.93 mg/L 0.01
Cyanide 0.074 mg/L 0.07

Iron 3.39 mg/L 0.30
Sulfate 607 mg/L 250

Solubilized pH 8.55 - -

4. Tests Methods

It is important to note that the tests were conducted outside the critical stress cracking
zone (CRIT) and the squeeze-out and heat-affected zone (HAZ) on SP2. In other words,
they were performed on the geomembrane sheet without seam influence, except for the
specific seam tests (Section 4.8). All tests were conducted in accordance with the specific
standards indicated below. Control variables were set, and uncertainties were minimized.
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4.1. Density

These tests were conducted using an analytical balance with precision of 0.1 mg,
following the procedures outlined in ASTM D792 [70], Method B. Five geomembrane
specimens (for each sample), with a volume no less than 1 cm3, were weighed in air and in
an immersion liquid, in this case alcohol (with a density of approximately 0.78 g/cm3), at
23 ± 0.5 ◦C. First, a specimen was weighed in air, and the mass was recorded. Subsequently,
the specimen was fully immersed, ensuring any bubbles adhering to it were removed
by gently rubbing the specimen with a wire. The apparent mass was then recorded
immediately after immersion. The mass of the sample holder was also recorded. This
procedure was repeated for each specimen. The specimens’ densities were calculated based
on the calculation procedures presented in the standard and recorded.

4.2. Thickness

These tests were conducted using a gauge with a base and a free-moving foot plate,
whose planar faces were parallel to each other within 0.01 mm, following the procedures
outlined in ASTM D5199 [71]. The gauge had a 6.35 mm diameter presser foot and base.
Force was applied to the presser foot on the base, and the initial base reading was recorded.
Subsequently, the presser foot was raised, the specimen was centered on the base, and the
pressure was gradually increased to 20 ± 0.2 kPa over a period of 5 s. Moisture equilib-
rium in the atmosphere was maintained throughout the execution, with a temperature
of 21 ± 2 ◦C and relative humidity of 60 ± 10%. Ten specimens were evaluated for each
sample. The average nominal thickness was reported.

4.3. Tensile Tests

These tests were conducted using an EMIC DL3000 machine (EMIC, Tokyo, Japan),
following the procedures outlined in ASTM D6693/D6693M [72]. The tests were conducted
in a standard laboratory atmosphere of 21 ± 2 ◦C. Ten dumbbell-shaped specimens (Type
IV) were used for each sample, and tests were performed in both the machine and transverse
directions. The testing speed was set at 50 mm/min until specimen brake. The specimen
was securely placed in the grips, ensuring even and firm tightening to prevent slippage
during the test. The load–extension curve of the specimen was then recorded. The results
obtained included the yield and break strengths and strains.

4.4. Tear Resistance

These tests were conducted using an EMIC DL3000 machine following the procedures
outlined in ASTM D1004 [73]. Ten specimens (for each sample) were cut in both the
machine and transverse directions. Standardized atmospheric conditions were maintained
throughout the execution, with a temperature of 23 ± 2 ◦C and relative humidity of
50 ± 10%. A jaw separation of 25.4 mm was employed, and the testing speed was set at
51 mm/min. The maximum load and maximum extension were measured, and the results
served as an index for evaluating the geomembrane’s ability to resist tear propagation.

4.5. Puncture Resistance

These tests were conducted using an EMIC DL3000 machine following the procedures
outlined in ASTM D4833/D4833M [74]. The minimum specimen diameter was 100 mm,
and they were clamped between plates featuring a 45 ± 0.025 mm circular aperture. Five
specimens were examined for each sample. An 8 ± 0.1 mm puncture probe with a flat
end with a 45◦ = 0.8 mm chamfered edge was employed. The specimen was centered
and secured between the holding plates, ensuring it extended beyond the outer edges
of the clamping plates. The testing speed was set at 300 ± 10 mm/min until specimen
rupture. The maximum load and the corresponding deformation were measured, and
the results served as an index for evaluating the geomembrane’s capability to withstand
concentrated loads.
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4.6. Carbon Black

To evaluate the carbon black content in the geomembrane, a test was conducted
using a muffle furnace with dimensions of approximately 100 mm by 100 mm by 100 mm,
following the procedures outlined in ASTM D4218 [75]. Three specimens were cut from
each exhumated sample. The muffle furnace was placed in a fume hood, and the controller
indicator was set to 600 ◦C and stabilized at 610 ◦C. An aluminum dish was weighed
and placed in the muffle furnace to burn off the surface oil for 2 min. The dish was then
transferred to a desiccator and allowed to cool for 2 min. The weight of the dish was
recorded. Then, 1 g of the specimen was added, and the dish was reweighed. The dish
was placed back in the muffle furnace for 3 min until no ashable fillers remained. After
this, the dish was placed in the desiccator to cool for 2 min. After material combustion, the
residue was collected and weighed to estimate the percentage of carbon black present in
the material. This test allowed for the assessment of the geomembrane’s composition.

The test to evaluate the dispersion of carbon black in the geomembrane was conducted
according to the standard ASTM D5596 [76]. Ten specimens were examined for each sample.
A microtome with a sample clamp and a knife holder was used to prepare microsections of
the geomembrane samples (each approximately 2.54 cm) in the cross-machine direction.
Each thin section was approximately 10 µm thick. Microscopic evaluation was performed
using equipment that allowed us to view it at 100× magnification. Five specimens were
mounted onto each slide and placed under the microscope. The microscope was set up for
transmitted light microscopy, with the calibrated reticle positioned between the eyepiece
lens and the objective. The microscopic analysis was conducted to locate the largest carbon
agglomerate or inclusion, and its area was calculated. All the readings and calculations were
recorded, and the results were rounded to the nearest whole number. The visualizations
were classified according to the table provided in the Adjunct to ASTM D5596 [76].

4.7. Stress Crack Resistance (SCR)

The test conducted was the single point-notched constant tensile load test (SP-NCTL),
following the procedures established by ASTM D5397 [77]. Five test specimens (for each
sample) were immersed in a solution with reagent consisting of 10% Igepal CO-630 and
90% deionized water. The thickness of each individual test specimen was measured. In
each specimen, a notch was made with a constant ligament thickness equal to 80% ± 1% of
the nominal thickness of the geomembrane. The specimens were then loaded at various
percentages of their yield stress, with the stress levels applied ranging from 20% to 65% in
maximum increments of 5%. The yield stress of the material was measured. The test bath
was filled with reagent, and the temperature was adjusted to 50 ± 1 ◦C. The test specimens
were attached to hooks, and the distance between the lever arm and the switch was set to
20 mm. The specimens were then immersed, and the temperature was allowed to reach
equilibrium for at least 30 min. Each specimen was loaded with its respective weight,
and the elapsed time to failure was recorded. The obtained value from the calculations
presented by the standard was related to the material’s resistance to crack initiation and
propagation under tensile stress and in the presence of chemical agents that might accelerate
the failure process.

4.8. Integrity of the Seams

Peel and shear tests were conducted following the procedures established by ASTM
D6392 [78]. Grip faces 25 mm wide and with a 25 mm length were used. For both tests, a
die measuring 25 mm in width and 150 mm in length was employed to cut the specimens.
A standardized laboratory environment was maintained throughout the executions, with a
temperature of 21 ± 2 ◦C and relative humidity between 50 and 70%. A constant machine
crosshead was set at 50 mm/min. For the peel test, five specimens were each fully gripped
across its width and subjected to the 90◦ T-peel test until failure, whereas for the shear test,
the testing concluded when the specimens had elongated by 50%. The obtained values were
used to evaluate whether the welded seams met the performance and durability standards.
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4.9. Oxidative Induction Time (OIT) Tests

Std-OIT (standard oxidative induction time) and HP-OIT (high-pressure oxidative
induction time) tests were performed on two specimens for each excavated sample using a
differential scanning calorimeter (DSC, TA Instruments Q20 series). The Std-OIT test was
conducted at 200 ◦C [79], while the HP-OIT test was conducted at 150 ◦C and 3.4 MPa [80],
in accordance with their respective standards. In both tests, the specimens were heated at a
constant rate, and once the specified temperature was reached, the material was held at this
constant temperature until the oxidative reaction appeared on the thermal curve. Both tests
were conducted to assess the availability of antioxidants in the exhumated geomembrane
samples. The OIT tests were conducted in 2020. Therefore, the Std-OIT test was conducted
following ASTM D3895 [79] instead of the ASTM D8117 recommendations [81], as the
alteration in the GRI GM13 standard [45] indication regarding which standard to follow
was made in March 2021.

After conducting the tests, the results were analyzed using the concept that the degra-
dation of a geomembrane consists of three stages depending on the level of antioxidants
(oxidative induction time (OIT) performance). Nominal failure was defined as a reduc-
tion in a selected physical property (in this case, stress crack resistance (SCR) and tensile
strength were analyzed) to 50% of the minimum value specified by the GRI GM13 stan-
dard [45]. Non-parametric statistics were applied to analyze the probability of success of
the geomembrane as a hydraulic barrier in the reservoir.

5. Test Results

Table 2 shows the average values and coefficients of variation (CVs) obtained for
each geomembrane test. Since the authors did not have access to the initial geomembrane
data prior to exposure, the analysis was based on the values established by the GRI
GM13 standard [45] at the time of the geomembrane’s installation. This standard is a
specification developed by the Geosynthetic Institute (GRI) for the test methods, test
properties, and testing frequency for smooth and textured high-density polyethylene
(HDPE) geomembranes. It sets minimum values for the physical, mechanical, and chemical
properties that the geomembrane must meet or exceed [45].

Table 2. Average values and coefficients of variation from the geomembrane tests.

Parameter SP1 SP2 SP3 GRI GM13

Density [g/cm3] 0.948 (1.1 × 10−5%) (1) 0.954 (1.6 × 10−5%) 0.939 (9.6 × 10−6%) 0.940
Thickness [mm] 2.05 (1.3%) 1.87 (3.4%) 1.88 (1.6%) 2.00

Tensile strength—yield [kN/m] 39.4 (3.6%) 41.2 (4.5%) 41.9 (2.4%) 29.0
Tensile strength—break [kN/m] 59.6 (8.0%) 54.5 (12.9%) 49.4 (27.3%) 53.0

Tensile strain—yield [%] 16.0 (5.3%) 17.8 (4.1%) 16.2 (3.2%) 12.0
Tensile strain—break [%] 789.8 (7.9%) 748.4 (10.7%) 686.7 (20.8%) 700.0

Tear resistance [N] 316.3 (7.9%) 323.6 (3.5%) 326.3 (1.5%) 249.0
Puncture resistance [N] 878.4 (1.4%) 839.1 (4.6%) 847.9 (3.2%) 640.0

Carbon black content [%] 2.4 (14.8%) 2.9 (8.9%) 2.9 (8.2%) 2.0–3.0
Dispersion of carbon black Category 1 Category 1 Category 1 (2)

SCR [h] 500 (3) 120 (9.1%) 95 (6.6%) 300 (4)

Std-OIT [min] 24.5 (8.6%) 7.5 (9.5%) 5.5 (12.9%) 100
HP-OIT [min] 195.7 (7.7%) 162.8 (5.1%) 123.5 (11.5%) 400

(1) Coefficients of variation are indicated in parentheses. (2) The GRI GM13 standard [45] indicates that the carbon
black dispersion for 10 different views should be 9 in Categories 1 or 2 and 1 in Category 3. (3) The test was
stopped upon reaching 500 h for all the specimens. (4) Value indicated in GRI GM13 standard [45] at the time of
installation of the geomembrane, before update to 500 h.

For all the samples, the average values for tear resistance, puncture resistance, and
carbon black content were higher than those recommended by GRI GM13 [45]. The CVs for
the density, thickness, tensile strength, and strain are sufficient to account for any difference
between the average values from the results and those recommended by that standard.
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The intrinsic variability of the geomembrane, even within the same batch (SP2 and SP3),
contributes to such variations represented by the CVs. All the specimens from all the
samples were categorized as Category 1, according to ASTM D5596 [76]. However, for
SCR (with the exception of SP1), Std-OIT, and HP-OIT, the CVs do not account for the
difference between the average values of the results and those recommended by the GRI
GM13 standard [45]. It is important to note that the geomembrane was installed in 2009
(SP2 and SP3) and 2013 (SP1—raising). At these times, the minimum recommended SCR
value according to the standard was 300 h, and there are no records of changes in the tensile
strain or OIT values.

High values for the CVs (greater than 20%) were observed for tensile strength and
strain at break. These elevated values are attributable to an outlier in the dataset. Excluding
this outlier would reduce the respective coefficients of variation from 27.3% to 16.3% and
from 20.8% to 13.7%. While still significant, such magnitudes are justifiable, as samples
exposed to weathering typically exhibit greater variability in durability test results [44,46].

Table 3 shows the average values and coefficients of variation (CVs) obtained in the
shear and peel tests for the seam specimens. Since the authors did not have access to
the initial data prior to exposure, the analysis was based on the values established by
GRI GM19a [82]. GRI GM19a [82] is a standard specification developed by the GRI for
the seam strength and related properties of thermally bonded homogeneous polyolefin
geomembranes. It establishes the required seam strength and properties for thermally
bonded, non-reinforced polyolefin geomembranes, including HDPE, LLDPE, and flexible
polypropylene (fPP).

Table 3. Average values and coefficients of variation from the seam tests.

Parameter SP2 GRI GM19a

Shear strength [N/mm] (1) 47.3 (2.1%) 28.0
Shear elongation at break [%] 95.5 (41.9%) 50.0

Peel strength—weld A [N/mm] (2) 24.5 (18.1%)
21.2Peel strength—weld B [N/mm] 29.3 (11.0%)

Peel separation—weld A [%] 56.0 (49.0%)
25.0Peel separation—weld B [%] 56.8 (12.2%)

(1) The mode of specimen rupture for shear specimens was break in sheeting (BRK). (2) The mode of specimen
rupture for peel specimens (weld A and B) was break in first seam after adhesion failure (AD-BRK).

As outlined in [82], the mode of rupture AD-BRK with more than 25% separation
is considered unacceptable for HDPE geomembranes. Furthermore, according to this
standard, the peel separation should not exceed the given values, and in this case, the CVs
do not account for the difference between the average values from the results and those
recommended by [82].

High values for the CVs (in this case, greater than 40%) were identified for the shear
elongation at break and the peel separation in weld A. Since this analysis was conducted
on only five specimens, as per the standard [78], the presence of an outlier significantly
influenced these values. By excluding the outlier, the coefficients of variation would have
decreased to 20.6% and 21.2%, respectively. These values remain high but are acceptable
considering the variability of the data after weather exposure and the inherent variability
in the geomembrane welding processes in the field [44,46].

6. Discussion

The aging of HDPE geomembranes might eventually lead to degradation and reduc-
tions in their mechanical properties by more than 50% from the values established by the
GRI GM13 standard [45], ultimately resulting in material nominal failure [30,34–44]. The
results obtained from the Std-OIT and HP-OIT tests (Table 2) for the case study in question
show that all the samples fall below the minimum values required for satisfactory perfor-
mance according to the [45] standard, showing evidence of the depletion of antioxidants
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due to exposure to the boundary conditions. The Std-OIT and HP-OIT values measured for
the different samples exhumed from the dam reservoir (SP1, SP2, and SP3) were statistically
different (Figure 5). SP1 showed higher values in all the oxidation tests compared to SP2
and SP3, as expected, given that its exposure time was 4 years less. Between SP2 and SP3,
which came from the same batch and were exposed to climatic and chemical weathering
(tailings) for the same duration, the results for SP3 were slightly lower than those for SP2.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 12 of 22 
 

not account for the difference between the average values from the results and those rec-
ommended by [82]. 

High values for the CVs (in this case, greater than 40%) were identified for the shear 
elongation at break and the peel separation in weld A. Since this analysis was conducted 
on only five specimens, as per the standard [78], the presence of an outlier significantly 
influenced these values. By excluding the outlier, the coefficients of variation would have 
decreased to 20.6% and 21.2%, respectively. These values remain high but are acceptable 
considering the variability of the data after weather exposure and the inherent variability 
in the geomembrane welding processes in the field [44,46]. 

6. Discussion 
The aging of HDPE geomembranes might eventually lead to degradation and reduc-

tions in their mechanical properties by more than 50% from the values established by the 
GRI GM13 standard [45], ultimately resulting in material nominal failure [30,34–44]. The 
results obtained from the Std-OIT and HP-OIT tests (Table 2) for the case study in question 
show that all the samples fall below the minimum values required for satisfactory perfor-
mance according to the [45] standard, showing evidence of the depletion of antioxidants 
due to exposure to the boundary conditions. The Std-OIT and HP-OIT values measured 
for the different samples exhumed from the dam reservoir (SP1, SP2, and SP3) were sta-
tistically different (Figure 5). SP1 showed higher values in all the oxidation tests compared 
to SP2 and SP3, as expected, given that its exposure time was 4 years less. Between SP2 
and SP3, which came from the same batch and were exposed to climatic and chemical 
weathering (tailings) for the same duration, the results for SP3 were slightly lower than 
those for SP2. 

 
Figure 5. Variation in Std-OIT and HP-OIT comparing the samples based on the difference between 
the average values obtained in the tests after exposure and the OIT value presented in the GRI GM13 
standard, with statistical errors shown. 

Both samples, SP2 and SP3, were taken from similar heights and nearby regions on 
the upstream slope of the dam, with variations in the elevation of the tailings within the 
reservoir during the exposure time. Considering the solar dynamics in the southern hem-
isphere (where the tailing dam is located), the steeper slope (SP3 at 0.67°) received slightly 
more direct sunlight. In this context, the steeper slope allowed SP3 to receive a slightly 
more perpendicular incidence of sunlight, enhancing the total solar irradiation received. 
This slightly increased its exposure to ultraviolet light (UV), and consequently, the longer 
duration for which the geomembrane was subjected to elevated temperatures may have 
contributed to the slightly difference in the OIT values between the samples since UV ra-
diation is capable of generating free radicals by attaching polymer chains [29,31,35,44,46]. 

A variable that could also be highlighted as a possible contributor to this slight dif-
ference would be the distribution of carbon black in the amorphous zones of the material, 

0

0.1

0.2

0.3

0.4

0.5

0.6

SP1 SP2 SP3

O
IT

/O
IT

G
RI

 G
M

13

Location

Std-OIT

HP-OIT

Figure 5. Variation in Std-OIT and HP-OIT comparing the samples based on the difference between
the average values obtained in the tests after exposure and the OIT value presented in the GRI GM13
standard, with statistical errors shown.

Both samples, SP2 and SP3, were taken from similar heights and nearby regions on
the upstream slope of the dam, with variations in the elevation of the tailings within
the reservoir during the exposure time. Considering the solar dynamics in the southern
hemisphere (where the tailing dam is located), the steeper slope (SP3 at 0.67◦) received
slightly more direct sunlight. In this context, the steeper slope allowed SP3 to receive a
slightly more perpendicular incidence of sunlight, enhancing the total solar irradiation
received. This slightly increased its exposure to ultraviolet light (UV), and consequently, the
longer duration for which the geomembrane was subjected to elevated temperatures may
have contributed to the slightly difference in the OIT values between the samples since UV
radiation is capable of generating free radicals by attaching polymer chains [29,31,35,44,46].

A variable that could also be highlighted as a possible contributor to this slight
difference would be the distribution of carbon black in the amorphous zones of the material,
which can influence how the polymer chains interact and, consequently, the mechanical
properties, as poor distribution could result in weak points in the geomembrane. However,
it is important to note that the carbon black dispersion test was conducted in accordance
with ASTM D5596 [76], and both samples were classified as Category 1. A more probable
contributing factor to this slight difference in values between the samples is the inherent
variability of the geomembrane stemming from its manufacturing process.

According to the theory that the degradation of a geomembrane consists of three
stages [29–34] (Figure 6), the average residual values of Std-OIT and HP-OIT for HDPE
geomembranes are presented in the literature as around 2 min and 70–100 min, respec-
tively [30,31,35,83]. These values can vary depending on the geomembrane, resin type,
exposure conditions, and synergistic or antagonistic effects of the degradation mecha-
nisms [29,31]. Considering this, geomembrane SP2 and especially geomembrane SP3 could
be very close to, or have already reached, their residual stages (the end of the first stage) for
Std-OIT and HP-OIT, while SP1 is likely in the first stage.
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(adapted from [43]).

The results of the tensile tests, both at yield and break points, show that all the samples
had average values that were satisfactory, considering the coefficient of variation (CV),
when compared to the minimum values established by the GRI GM13 standard [45], and
there is no statistically significant difference between them (Figure 7). This could suggest
that despite the consumption of antioxidants and stabilizers in the geomembrane, no
significant signs of physical degradation were observed in terms of a significant decrease
in tensile strength properties. This would likely indicate that the material was still in
the first (SP1) and second (SP2 and SP3) stages of the three-stage degradation model
of geomembranes.
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Figure 7. Variation in break strength comparing the average values of the samples with 100% and
50% of the value presented in the GRI GM13 standard, with statistical errors shown.

However, when evaluating the results on the SCR, samples SP2 and SP3, which
were exposed to climatic and chemical weathering conditions (tailings) for 11 years, had
average values that were less than 50% of those established by the GRI GM13 standard [45]
(Figure 8), which means that they reached nominal failure. Ref. [31], when analyzing
HDPE geomembranes with different types of resin and under varying exposure conditions,
suggests that a change in the SCR due to morphological changes may be an important
factor contributing to its reduction in value. Other factors that may also contribute to the
reduction in the SCR, according to the prior authors, include surface scratches, caused by
installation damage, and/or surface oxidation.
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Figure 8. Variation in SCR comparing the average values of the samples with 50% of the value
presented in the GRI GM13 standard, with statistical errors shown.

The SP-NCTL test was not conducted on either surface of the geomembrane (exposed
or in contact with the dam), so it was not possible to determine whether the surface in
contact with the soil had lower SCR values compared to the exposed surface. Therefore, it
was not possible to rule out the possibility that surface scratches and/or surface oxidation
contributed to the low SCR values.

Ref. [31] observed a reduction in the SCR values before antioxidant depletion and be-
fore it was possible to observe evidence of geomembrane chemical degradation. The author
related this fact to morphological changes during the aging process that were capable of
affecting the inter-lamellar connections due to chain disentanglement. In chain disentangle-
ment, the inter-lamellar connections of the crystalline lamellae decrease, and the material
can become more prone to cracking. Ref. [34] states that the extent of these morphological
changes will vary depending on the exposure conditions of the geomembrane, as well as
the thermal and stress history experienced during the manufacturing process, which affects
the orientation of the crystal lamellae. Therefore, the possibility that the reduction in the
SCR was due to chain disentanglement cannot be ruled out. It is not possible to determine
the main factor responsible for the decrease in the SCR values.

It is important to note that even though the geomembrane may have reached its
nominal failure based on the SCR values, this does not imply that actual failure of the
geomembrane in the field application is imminent. Despite these low values, the geomem-
brane had not yet ruptured based on visual inspection. This behavior is consistent with
findings presented in the literature, such as [31], who also evaluated an HDPE geomem-
brane exposed in a mining facility in a warm–hot climate. Their study reported the HDPE
geomembrane reaching nominal failure based on the SCR, with the geomembrane showing
no signs of actual rupture in the field, despite extremely low SCR values being observed at
certain analysis points.

Although the points mentioned above are considered and the three-stage degradation
model taken into account (Figure 6), the geomembrane still appears to be in the second stage
of degradation (antioxidant-depleted), as there was no evidence of chemical degradation in
terms of changes in its tensile strength properties.

Considering this, non-parametric statistics were applied, utilizing the KDE to obtain a
probability density function (PDF) that best represented the behavior of the geomembrane
as a function of tensile strength under the given boundary conditions (Figure 9). With the
application of non-parametric statistics, for each data point, a function was created centered
on those data, and the PDF was estimated according to the sum of these cores divided by
the total number of specimens [84,85]. Thus, it was not necessary to check the fit of the data
to a previously known distribution.
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Parametric statistical methods are quite widespread in the literature, but these methods
come with a caveat: the requirements of a set of assumptions about the data’s underlying
distribution. In other words, this means that knowledge of the PDF for the data under study
is a prerequisite. However, proposing an incorrect PDF can introduce estimation errors and
compromise the reliability of the statistical conclusions. In contrast, non-parametric statis-
tical methods offer a more flexible alternative, free from the constraints of distributional
assumptions. Among these, methods based on the KDE have gained prominence [86]. In
practice, the KDE provides a straightforward way to structure datasets without imposing a
specific parametric model, making it a valuable tool in data analysis [87].

In situations where the sample data present marked asymmetry effects or the presence
of outlier values, among other unusual situations, using strategies independent of the
previous proposition of a PDF becomes a powerful option. Using the PDF obtained via
the KDE is a straightforward approach that results in a smoother and more continuous
representation of the proper distribution of the sample data. These PDFs (Figure 9), shaped
by the KDE, can reflect local patterns in the data and capture nuances and details that may
be missed using more rigid methods. Simultaneously, the KDE helped smooth out noise
present in the data and provided more precise insights into the overall behavior.

It is evident that for this specific exposure scenario and this particular geomembrane,
the PDF does not fit any known parametric statistical distribution. A new sampling
experiment might yield distinct PDFs. From a purely theoretical standpoint, to thoroughly
analyze the behavior of these PDFs, it would be necessary to repeat the experiment multiple
times in multiple scenarios and examine whether any consistent patterns emerge. This
approach allows for a comprehensive understanding of the variability and characteristics of
the PDFs. Given the multimodal nature of these PDFs, identifying any discernible patterns
is particularly challenging, as the complexity and variability make it difficult to visualize a
consistent trend. Altering the exposure conditions, time, and/or the geomembranes will
result in different PDFs, which means that it is not possible to generalize the PDFs shown
in Figure 9.
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These PDFs enabled the determination of the probability of nominal failure of the
geomembrane (when the tensile strength is reduced to 50% of the minimum value specified
by the GRI GM13 standard [30,34–45]) under the given time and exposure conditions as
a function of tensile strength. The geomembrane’s probability of nominal failure for the
specific exposure time and the conditions of SP1, SP2, and SP3 was 0%, 0%, and 0.4%,
respectively. These probability values were calculated by integrating the area under the
PDF for tensile strength values less than 26.5 kN/m; according to the densities of SP1 and
SP2, the probability was zero, whereas with the density of SP3, the probability was non-zero.
This can be observed according to the shaded area under the PDF curve in Figure 9c. This
means that assuming SP1, SP2, and SP3 together are representative of the geomembrane
covering the reservoir of the dam, even with conservative estimation, the probability of the
geomembrane reaching nominal failure is 0.4% as a function of tensile strength.

It is important to note that the studied samples were either above the tailings or at
elevations influenced by the variation in the tailing elevation. Therefore, this assessment
of geomembrane durability cannot be directly applied to sections of it that are completely
submerged in the dam reservoir.

Regarding the representativeness of the samples and considering their tensile strength
(for which the non-parametric statistical analysis was conducted), it is substantially ade-
quate considering the literature data for similar situations [44,46]. Variations and uncertain-
ties are inherent to the samples, especially after an exposure period. Therefore, it would be
necessary to replicate the experiments to identify distribution patterns and consequently
analyze behavioral representativeness. This approach would lead to a better understanding
of the variables involved and contribute to the robustness of the obtained results.

Another point of analysis is the performance of the seam. Although the peel strength
exhibited satisfactory values when compared to the minimum requirement established by
the [82] standard, the peel separation showed values higher than the maximum allowable
values, even when considering its variability (Figure 10). According to [62], unsatisfactory
peel separation does not necessarily imply loss of the bonded area, but it does not exclude
this possibility. Depending on the geomembrane/seam combination, it could induce
crazing, which serves as a precursor to stress cracks.
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Figure 10. Variation in peel separation with weld for sample SP2, comparing the average values
obtained with that presented in the GRI GM19a standard and with statistical errors shown.

Even though the SCR tests were conducted outside the CRIT zone, comparing samples
SP2 and SP3 (Figure 8), which were installed with geomembranes from the same batch and
under similar exposure conditions, shows no statistically significant difference in the SCR
values. This likely contributes to the understanding that even if crazing has been induced
in the CRIT zone, it has not influenced the behavior of the geomembrane sheet in terms of
SCR performance.

Additionally, ref. [62] also mentions that the separation of a seam during testing may
indicate that at some point during the geomembrane’s service life, this seam could come
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apart if it is located over a subsided subgrade, on a fold, or even at waves caused by thermal
expansion/contraction. If the seam comes apart, the geomembrane will no longer be able
to serve its function as a hydraulic barrier in the reservoir of the dam.

It is noteworthy that the company conducting the mining operations in question,
aiming to comply with the requirements of the Brazilian National Mining Agency (ANM),
conducted environmental analyses to assess whether there were any signs of significant
contamination in the area, as the SCR and peel separation test values were unsatisfactory.
These analyses indicated no significant indications; however, the authors were not granted
permission to publish them.

When considering the possibility of catastrophic consequences due the geomembrane
failure within the context of mining operations, analyzing the probability of failure becomes
essential for decision-making regarding preventive or corrective actions. Despite reaching
nominal failure for the SCR and exhibiting unsatisfactory performance in the peel separation
tests, the geomembrane continues to fulfill its primary function as a hydraulic barrier.
With a minimal probability of reaching nominal failure in terms of tensile strength at
0.4%, this translates to a 99.6% probability of successfully preventing the percolation
of contaminants from the tailings reservoir. This not only ensures the integrity of the
groundwater resources but also enhances the safety of drinking water sources downstream.
Moreover, by containing pollutants within the reservoir, the geomembrane plays a pivotal
role in mitigating their impact on local flora and fauna.

The adequate performance of the geomembrane, specifically within the context of min-
ing tailings reservoirs, aligns with the Sustainable Development Goals (SDGs). Although
the SDGs are interdependent, the success of the geosynthetic barrier directly supports
goals such as Goal 6 (Clean Water and Sanitation) and Goal 15 (Life on Land), as well as
Goal 3 (Good Health and Well-being), Goal 9 (Industry, Innovation, and Infrastructure),
Goal 11 (Sustainable Cities and Communities), Goal 12 (Responsible Consumption and
Production), and Goal 13 (Climate Action), while also contributing to other SDGs in a
transversal manner [15]. Thus, this application of geomembranes underscores their critical
contribution to sustainable mining practices and global environmental conservation efforts.

Furthermore, by employing non-parametric statistical methods, we provide a viable
approach to assessing the probability of success of geomembranes as hydraulic barriers,
despite the numerous variabilities among the application scenarios of HDPE geomem-
branes in mining tailings reservoirs. The findings underscore the importance of considering
the unique environmental and operational conditions of each installation when evalu-
ating geomembrane performance. Also, they contribute to a broader understanding of
geomembrane durability and reliability, offering valuable guidance for future applications
in similar contexts.

7. Conclusions

This study investigated the degradation that occurred in the properties of an exposed
HDPE geomembrane installed at a gold mining tailing site in Brazil in a warm–hot cli-
mate. Non-parametric statistics were applied to help with the analysis. For the specific
geomembranes and conditions examined, the following was concluded:

• The geomembrane exposed showed antioxidant depletion, but considering the av-
erage residual values of Std-OIT and HP-OIT for HDPE geomembranes from the
literature [30,31,35,83], it is possible that there are still antioxidant stabilizers to be
consumed (first stage of degradation) for SP1. SP2 and especially SP3 could be very
close to, or have already reached, their residual values.

• After 11 years of exposure, the SCR values of SP2 and SP3 had decreased to 40 and 32%
of the reference value [45], implying that the material had reached nominal failure.

• The probability of the geomembrane reaching nominal failure was 0.4% as a function
of tensile strength, which translates to a 99.6% probability of success.

• The peel separation showed values higher than the maximum values allowable [45].
Environmental analyses indicated no significant contamination in the area.
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• The geomembrane used in this scenario contributed to SDG 3 (Good Health and
Well-Being), SDG 6 (Clean Water and Sanitation), SDG 15 (Life on Land), and SDG 13
(Climate Action).

Chemical weathering from seasonal tailings contact (samples SP2 and SP3) and cli-
matic weathering did not significantly degrade the geomembrane compared to sample
SP1, which faced only climatic weathering. Varying exposure times prevent definitive
conclusions. While the geomembrane’s nominal failure may be indicated by the SCR values,
this does not imply imminent failure in the field but warns of substantial reductions in its
properties and its potential susceptibility to failure based on its remaining resistance and
the site conditions.

Future research should focus on verifying consistent patterns in the probability density
functions (PDFs) by exploring a variety of exposure conditions, durations, and geomem-
brane types. Such studies are essential to better understand the long-term performance and
degradation mechanisms of geomembranes under diverse environmental and operational
scenarios. Additionally, investigations into different installation practices and their impact
on geomembrane durability will provide valuable insights. By broadening the scope of
research to include these variables, it is possible to develop more robust predictive models
and enhance the reliability and sustainability of geomembrane applications in mining and
other industries. The results obtained using Kernel Density Estimators were promising for
evaluating the exhumed geomembrane samples. This methodology may be extended to
other engineering projects involving various types of geosynthetics, whether exhumed or
aged in a laboratory, thereby enhancing their reliability.
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