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Abstract: Geosynthetics are increasingly used in geotechnical engineering to replace conventional
solutions due to their cost-effective and environmental benefits. For example, geotextiles can be
used in sustainable waste-dewatering systems to confine solid waste for final disposal. This study
is presented to analyze the durability of a geotextile regarding cyclic fatigue induced during the
pumping stages in these sustainable waste-dewatering systems. A polypropylene woven geotextile
was used and subjected to cyclic tensile loading levels of 10%, 30% and 50% of the ultimate average
tensile strength. We also used hysteresis loops with a frequency of 0.1 Hz at different numbers of
cycles (10, 20, 30, and 90 cycles). With a 95% confidence level and response surface, the results show
that increasing the tensile loading levels and the number of cycles made the geotextile lose its tensile
strength. Laboratory experiments simulated scenarios where the geotextile was subjected to cyclic
fatigue that might directly impact its strength–strain and hysteretic stiffness performance over its
design lifetime. This study contributes to a better understanding of the durability of geotextiles to sub-
sidize decision-making involving social, environmental, and technical impacts in waste-dewatering
system applications.

Keywords: geosynthetics; durability; sustainable; cyclic fatigue; waste-dewatering systems;
geotechnical engineering

1. Introduction
1.1. Initial Concepts

In the current Anthropocene era, one of the problems to solve is the final disposal
of wastes generated in different industrial processes without causing environmental im-
pacts [1]. Designing with geosynthetics has become more viable since these materials can
be more efficiently produced and are more cost-effective, durable, and environmentally
friendly than conventional materials [2–7].

The sustainable development concept was consolidated by the World Commission
on Environment and Development (WCED) through the Brundtland Report (1987), which
refers to considering current needs without compromising future generations in terms
of meeting their demands [8]. Discussions on sustainable development have been the
main topic of United Nations (UN) member countries’ meetings since the 1970s. The UN
aims to mitigate anthropic impacts on planet Earth. These discussions have been focused
on world population increase, difficulties in access to clean water, urban sanitation, and
environmental management, with investments in alternative solid waste management
and treatments generated in water treatment plants (WTPs) and wastewater treatment
plants (WWTPs) [9]. The deposition of these residues in the environment causes numerous
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socio-environmental impacts, such as watercourses silting up, the contamination of soil and
urban springs by solid particles and toxic metals, a scarcity of water resources for supply
and purification, and mortality in major environmental disasters [10].

The 2030 Agenda published by UN member countries in 2015 addresses the new
Sustainable Development Goals (SDGs) at global levels [11,12], as well as ISO 37120 [13],
which deals with indicators to assist cities in urban services and the search for sustainabil-
ity and life quality management. Wastes generated in wastewater treatment and water
purification processes are direct by-products of a population’s water use, which is essential
for maintaining a dignified life and public health. Such basic sanitation infrastructures are
essential indicators to guarantee health, cleanliness, life quality, and population dignity [13],
which is affirmed in the global SDGs [11].

Geosynthetics have been applied in waste containment systems (WCSs), or geotextile
tubes, to dewater wastes [14]. These geosynthetics are structures of woven or non-woven
geotextiles or geotextile-related products in bag, container, or tube formats, with their
purpose being to receive liquid or semisolid wastes to be filtered [15]. Geosynthetics are
polymer-based products that exhibit thermo-visco-elastic-plastic behavior, i.e., the material
durability depends on the operating conditions, including the environment, temperature,
and different stress conditions (level, rate and duration), among others [16–19]. Compared
to traditional techniques (natural and mechanical), WCSs are easier to utilize, lower in cost,
and friendlier to the environment. Additionally, they need smaller dewatering areas and
consolidation processes and are independent of climate dynamics and electricity, among
other things [20,21]. This technique provides a sustainable alternative to dewatering and
reduces large waste volumes, such as the waste from WTPs and WWTPs, without impacting
the environment of other industrial processes [14].

For example, Fowler et al. [22] and Jiang et al. [23] report the use of geotextile tubes in
WWTP waste dewatering. Castro et al. [24] discuss the use of WCSs for dewatering waste
collected in septic tanks by vacuum trucks and leachate from landfills as an alternative
to the need for sanitation remediation and urban infrastructure due to local population
growth. Ruiz and Rendón [25] discuss the use of WCSs as a pioneering application for
emptying the oxidation ponds at El Dorado International Airport, Colombia, in 2011, as its
operational capacity and imminent expansion had been reached. Guanaes and Sampaio [26]
reported WCS use for dewatering WTP waste at a hydroelectric plant construction site in
Brazil, serving 15,000 employees.

Furthermore, full-scale WCS applications have been applied to contaminated indus-
trial sediments and mine tailing slurries. For example, Yee et al. [27] presented geotextile
tube use for the dewatering of contaminated sediments, which were dredged from a domes-
tic water and industrial wastewater dam. Berg and Oliveira [28] discuss the dewatering of
water contaminated by carcinogenic sediments released into the river by paper factories; the
results showed around 99% of solids were captured by the WCS. Yang et al. [29] presented
the use of geotextile tubes in a phosphate mine in China; Kiffle et al. [30] referred to their
use in a gold mine in Canada for dewatering water from the mine’s lakes with significant
metal levels; and Wilke et al. [31] describe their use in a nickel and zinc mine in Finland
that produced large volumes of gypsum slurry as a mining process by-product. Berg and
Oliveira [28] report that geotextile tube use was one of the faster remediation measures
after the environmental disaster caused by the mining dam rupture in Bento Rodrigues,
Brazil, in 2015.

1.2. Cyclic Fatigue in Waste Containment Systems

Geosynthetic durability can be considered the ability to maintain properties through-
out the design lifetime under conditions that can alter microstructural and macrostruc-
tural properties and compromise the performance of the functions of the material [32–35].
Geosynthetics must be evaluated for each project according to the intended function. The
stress to which the materials will be subjected over time should be considered with degra-
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dation mechanisms that will compromise the material properties and directly impact the
performance of the design functions.

Research to understand geosynthetics’ durability is relevant to increasing the reliability
of projects with geosynthetics. Thus, direct technical, economic, and environmental gains
are obtained with greater design security. An example is the promotion of the partial reduc-
tion factor (RFp) by cyclic loads for the dimensioning of design parameters to guarantee
geosynthetic durability [35,36]. Thus, knowledge of the cyclic fatigue loads can improve
the reliability of the design lifetime and help predict and prevent large-scale failures [37,38].

Factors that generate cyclic stress should be considered, such as the tensile stress
imposed on dewatering systems during filling by pumping and the effects of installation
damage, seam strength, weathering degradation conditions, clogging, chemical fluids, and
creep [15,33]. Grubb et al. [39,40] report that the exposure of geotextiles to weathering and
chemical fluid factors may cause the strain-hardening effect. Measuring the magnitude
of retained tensile strength is complex because several isolated and synergistic factors are
involved [32].

The literature reports that WCSs are designed to receive more than one pumping
cycle and subsequent dewatering to achieve final consolidation. Dewatering and volume
reduction are awaited between the pumping cycles carried out until the consolidation
phase is reached [41]. The number of pumping cycles depends on different parameters,
such as the volumetric capacity of the geotextile tubes, the geotextile tensile strength, and
the seams’ efficiency [15,18,29,42].

Creep stresses, also called static fatigue, can be incorporated into the design by requir-
ing the final creep strain in dewatering systems to be less than the maximum design value.
This requirement ensures that the material has sufficient tensile strength to withstand
operating stresses during the filling, dewatering, and solidification of the pumped material
stages [15,42]. Therefore, cyclic fatigue should be considered in the design of WCSs under
different hydraulic and turbulent loads of the specific process.

Stresses induced during pumping must be supported and dimensioned by geosyn-
thetic mechanical properties, especially tensile strength, with the adoption of partial reduc-
tion factors [43]. Leshchinsky et al. [42] discuss using the membrane theory method, which
depends on the circumference, height, and maximum tension reached during pumping.
These are the circumferential [Tc], axial [Ta], and pumping [Tp] tension. This work empha-
sizes that such tensions are relieved during the dewatering until the next pumping cycle.
Such behavior generates cyclic fatigue requests throughout the process. Depending on
the loading levels and the number of cycles, this will reflect the adoption of an additional
partial reduction factor. According to Lawson [15], the circumferential tension stresses [Tc]
tend to present higher magnitudes during pumping due to the confinement system geome-
try. The curvature and thickness of the geotextile govern them. The tensions generated in
the filling ports of the containment systems are also a function of the pumping pressure,
the height reached by the WCS, and the shape of the filling ports.

Mechanical stresses due to cyclic fatigue can also impact the hydraulic parameters of
geotextiles, which can compromise the retention capacity of solid particles, as reported in
the previous literature [44,45]. For example, Fourie and Addis [46] showed increases in
filtration opening in a polypropylene woven geotextile subjected to biaxial tensile loads.
Wu et al. [47] reported that when subjecting woven and non-woven geotextiles to uniaxial
strain levels, there were increases in filtration openings and flow rates. Palmeira et al. [48]
also observed size variations in the filtration opening in non-woven geotextiles under
unconfined stresses. Despite the evident influence summarized, this approach is not the
scope of this work.

Studies involving applications of monotonic, cyclic, or dynamic tensile load damage
were performed to evaluate the use of geosynthetics for reinforcement purposes. Among
the parameters considered in the studies, the notable parameters were cyclic loading time,
average strain rate, pre-strain, loading frequency, and number of cycles. These studies
propose mathematical models based on accelerated laboratory stress–strain tests that can
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represent the behavior of geosynthetics under field conditions [19,49–55]. Minster [56]
applied the concept of cumulative damage to geosynthetics. Liu and Ling [57] report the
possibility of strain hardening, a complex behavior in geosynthetics subjected to cyclic
loads. ASTM D 7556 [58] presents methods to determine small-strain tensile properties in
geotextiles and geogrids by subjecting samples to cyclic tension.

In waste-dewatering system applications, fatigue cycle parameters may differ from
those of geosynthetics evaluated in other studies for reinforcement functions. Therefore,
this study is presented to analyze the durability of a geotextile regarding the cyclic fatigue
induced, for example, by using dynamic tensile strength tests during the pumping stages
in geosynthetic waste-dewatering systems. A polypropylene woven geotextile was used
and subjected to cyclic tensile loading levels of 10%, 30% and 50% of the ultimate average
tensile strength. The pretension was 0.5% of the ultimate average tensile strength (Tmax) in
the monotonic and cyclic tests. For the parameters obtained during the hysteresis loops,
frequency (0.1 Hz), cyclic tensile loading amplitude (10, 30, and 50% of the Tmax), and
number of cycles (10, 20, 30, and 90 cycles) were used. This study contributes to a better
understanding of the durability of geotextiles to subsidize decision-making involving
designs of sustainable waste-dewatering systems with geosynthetics.

2. Materials and Methods
2.1. Tested Geotextile

The most commonly used polymers in woven geotextiles are polyolefins, i.e., polypropy-
lene and polyethylene, and the polypropylene matrix corresponds to approximately 90%
of commercial geotextiles [35,59]. A polypropylene woven geotextile (GTXw) was used
to study dynamic fatigue. The objective of this study is not to evaluate the cyclic fatigue
durability of different woven geotextiles.

Table 1 shows the properties from the sampling of ten specimens according to the ISO
9862 standard [60]. The number of specimens enables one to obtain the tensile strength
results with an expected 2–3% error. The monotonic tensile tests were performed by strip
tests [61].

Table 1. Properties of the woven geotextile (GTXw).

Parameters Standards Value 3

Mass per unit area (ρA) ISO 9864 [62] 271.8 g/m2 (3.2%)
Thickness (d) ISO 9863-1 [63] 0.97 mm (5.9%)

Ultimate tensile strength (Tmax) 1 ASTM D 5035 [61] 56.2 kN/m (3.6%)
Strain at ultimate tensile (εmax) 1 ASTM D 5035 [61] 19.2% (4.0%)
Ultimate tensile strength (Tmax) 2 ASTM D 5035 [61] 60.6 kN/m (4.9%)
Strain at ultimate tensile (εmax) 2 ASTM D 5035 [61] 16.9% (4.1%)

1 Mechanical property in the machine direction (MD). 2 Mechanical property in the cross-machine direction
(CMD). 3 The coefficients of variation (COVs) are shown in parentheses.

The choice to use the ASTM D 5035 standard [61] was due to the recognition of the
similarity between the results obtained by the ISO 10319 standard [64], for example, in the
Dias Filho et al. [65] and Guimarães et al. [66] publications. This standard was used to
obtain more specimens: 50 mm wide and 75 mm between the clamps. Therefore, specimens
of smaller dimensions allow for obtaining a greater number for the same material sample.

2.2. Cyclic Fatigue Tests

A microprocessed universal mechanical machine with a force capacity of up to 150 kN
was used in the cyclic fatigue tensile tests with load control and in a standard atmosphere
(20 ± 2 ◦C at 65 ± 5% relative humidity). Only the 10% and 50% loading levels were
investigated for the 90-cycle level. Cyclic fatigue tests were performed on ten specimens
for each combination of cyclic tensile loading level and number of cycles. Specimens were
obtained in the machine direction (MD).
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The maximum load applied (kN) was defined for the cyclic tensile loading levels
(Table 2). The setpoint value corresponds to the ultimate average tensile strength (Tmax) in
the machine direction obtained on monotonic tests (56.2 kN/m) according to the ASTM D
5035 standard [61].

Table 2. Definition of forces applied at different loading rates.

Cyclic Tensile
Loading Levels

(Setpoint) 1

Number of
Cycles

Maximum Load
Applied (kN)

10% 10, 20, 30 and 90 0.281
30% 2 10, 20 and 30 0.843
50% 10, 20, 30 and 90 1.405

1 Cyclic tensile loading amplitude of ultimate average tensile strength. 2 90 cycles were not evaluated for a 30%
loading level.

Cyclic tensile loading was repeated to reach the maximum controlled setpoint loads.
The lower piston returns from the bottom to the initial positioning between jaws (75 mm)
with a minimum load equal to the pretension (0.5% of the Tmax). This is a recommendation
of the ASTM D 5035 standard [61] to obtain strain measurements (%). After the total
number of cycles for tensile loading levels had been applied, the specimens were tensioned
(Figure 1) to determine the ultimate tensile strength (kN/m) and strain (%).
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Figure 1. Cyclic fatigue tests: (a) Initial conditions; (b) Specimens tensioned after application of the
fatigue stress.

The experimental data were statistically analyzed. Box plots were constructed to
represent the variation in the sample data. The results were compared with the tensile
strength of the intact geotextile to obtain the population mean by confidence intervals
(CIs) at a 95% confidence level. These intervals were constructed based on Student’s
t distribution since the material follows a normal distribution [67] and the population
standard deviation is unknown [68]. The mathematical model that best describes the tensile
strength (%) was obtained as a function of the loading levels and number of cycles for
the study conditions. Mathematical models are an important tool for understanding the
material durability behavior caused by factors that can induce their degradation [17].

The authors emphasize that the investigated conditions represent the application of
woven geotextiles for use in WCSs and simulate the filling, dewatering, and consolidation
stages [15]. Furthermore, the difference in ultimate tensile strength of the tested geotextile
obtained by monotonic and cyclic load tests was investigated by statistical analysis.
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3. Results and Discussion
3.1. Statistical Analyses of Cyclic Fatigue Tests
3.1.1. Box Plot Analyses

Table 3 summarizes the cyclic fatigue test results that are used to complement the
graphical analysis by box plot (Figure 2). Figure 2 shows that for a tensile loading level of
10%, only the application of 10 cycles induced a representative change in the tensile strength
of the geotextile. The mean value obtained (62.3 kN/m) is above the interquartile range
of the intact sample, which indicates an increase of 10.8% in tensile strength and a greater
deformation than the mean value of the intact sample. As Ashmawy and Bourdeau [50]
argued, the redistribution of stresses to undamaged fibers during hysteresis loops can
explain this behavior. This phenomenon is known as strain hardening [57].

Table 3. Cyclic fatigue test results.

Number of
Cycles

Cyclic Tensile
Loading Levels

(Setpoint)

Parameters 1 Tensile
Strength
Loss (%)

Partial Reduction
Factor (RFp) 2

Tmax (kN/m) εmax (%)

10 cycles 10% 62.3 (1.5%) 20.0 (2.0%) NA 1.0
30% 55.7 (3.8%) 19.6 (5.3%) 0.9 1.0
50% 51.9 (6.3%) 18.8 (6.9%) 7.7 1.1

20 cycles 10% 56.7 (2.7%) 19.9 (2.9%) 0 1.0
30% 53.7 (3.5%) 18.6 (5.8%) 4.4 1.0
50% 52.1 (4.6%) 19.3 (10.0%) 7.3 1.1

30 cycles 10% 55.7 (8.6%) 18.8 (8.8%) 0.9 1.0
30% 54.0 (2.4%) 19.2 (3.6%) 3.9 1.0
50% 52.9 (8.6%) 17.4 (4.9%) 5.9 1.1

90 cycles 10% 54.1 (3.3%) 18.7 (4.8%) 3.7 1.0
30% N/A N/A N/A N/A
50% 47.9 (23.8%) 15.7 (25.1%) 14.8 1.2

1 The coefficients of variation (COVs) are shown in parentheses. 2 Partial reduction factors for the tensile strength
after cyclic loading.

The specimens that were submitted to 20 cycles (tensile loading level of 10%) exhibited
a small increment in strain compared to the intact sample. No representative changes in
tensile strength were observed, and only the first quartile was within the interquartile range
of the intact geotextile. In the 30-cycle situation, the tensile and strain values are within
the interquartile range but with greater data dispersion. The 90 cycles generated a tensile
strength loss of 3.8%, and only the third quartile is contained in the interquartile range; a
similar situation was observed for the strain.

The tensile strength and strain results at the 30% cyclic loading level (10 cycles) are
within the interquartile range but with greater data dispersion. The application of 20 and
30 cycles demonstrates a similar loss of tensile strength, which was analyzed in terms of
mean values and coefficient of variation (COV).

Increasing the loading level to 50% decreases the tensile strength (10 and 20 cycles).
Regarding strain, the sample values are within the interquartile range and similar when
analyzing the average results and respective COV (Table 3). For 30 cycles, although there
was a minor loss of tensile strength (5.9%), the results showed a greater dispersion. Sample
results were below the interquartile range for strain results. Higher tensile strength loss
and strain were observed for 90 cycles, with a significant increase in the dispersion of the
sample results.

Regarding the partial reduction factors obtained (Table 3), Leshchinsky et al. [42]
recommend the application of an RFp for installation damage, which may be associated
with an accidental increase in waste pumping pressure at a minimum value of 1.3.
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3.1.2. Confidence Interval Analyses

Figure 3 graphically shows the CIs at a 95% confidence level for the different inves-
tigated cases. The populational average (µ) shows that the tensile strength of the cyclic
fatigue tests is shifted to the left of the CI for the intact sample (54.8 < µ < 57.5 kN/m), ex-
cept for 10 cycles (10% and 20% of the loading levels) and 20 cycles (10% loading level). The
average populational behavior resembles the sample mean (Figure 2). In addition, the CIs
indicate an increase in the dispersion of the results when the number of cycles and tensile
loading levels increase, except for the 10% loading level (10 cycles). Cyclic tensile loadings
show distinct changes in the tensile strength of the geotextile (populational parameter) as a
function of the analyzed conditions, which can affect the geotextile durability.
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Figure 3. Confidence interval (CI), with a 95% confidence level, for geotextile subjected to fatigue
tests (ten specimens for each loading level and number of cycles).

3.2. Tensile Strength in Monotonic and Cyclic Fatigue Tests

Figure 4 shows tensile strength (kN/m) versus strain (%) curves obtained for 10, 20,
30, and 90 cycles over the applied loading levels (10%, 30%, and 50%).
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Compared to the monotonic behavior curve of the polypropylene GTXw, there is a
decrease in the Tmax with increased cyclic fatigue numbers and applied loading levels. We
highlight the reduction in the Tmax obtained for the loading level of 50% and 90 cycles
(Figure 4d), except for the behavior observed for 10 cycles and a loading level of 10%, where
the strain hardening phenomenon occurred (Figure 4a).

3.3. Hysteretic Stiffness under Cyclic Fatigue Tests

Figure 5 shows hysteretic stiffness results (Jh, kN/m) obtained under cyclic fatigue
loads. There are slight increases in Jh for the same loading level as the number of cycles in-
creases. This behavior was more pronounced for the 50% loading level. Figure 6 represents
the response surface of parameter Jh as a function of variables (loading level and number
of cycles), supporting the behavior shown in Figure 5.
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3.4. Mathematical Model for the Behavior of Woven Geotextile Using Cyclic Fatigue Tests

Figure 7 shows mathematical models based on the monotonic and cyclic fatigue results
for the analyzed cycles (10, 20, and 30 cycles), represented by exponential functions, to
estimate the Tmax for each loading level (10%, 30%, and 50%). Models fit an exponential
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function (R2 greater than 97%), where the y-axis is the ultimate tensile strength (kN/m) as a
function of the loading levels applied (%) per number of cycles, according to Equation (1).

R = Ke−(Y).x (1)
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Figure 7. Mathematical models for cyclic fatigue tests.

In the equations above, R is the ultimate tensile strength (kN/m); K is the coeffi-
cient dependent on the tensile strength characteristics of the intact geotextile (kN/m) as
the mean value; x is the loading level (%); and Y is the exponent equal to 10−3, depen-
dent on the synergism of the factors analyzed (in other words, the number of cycles and
loading levels).

For the loading level of 10% and 10 cycles, the coefficient K (Equation (1)) reflects the
strain-hardening phenomenon in this situation. For the other exponential mathematical
models obtained (20 and 30 cycles), the K coefficient is found in the CI lower and upper
limits (see Figure 3), with a confidence level of 95%, for a woven geotextile sample.

Specimens subjected to a loading level of 30% and 10 cycles showed a retained tensile
strength close to the intact material, while for 20 and 30 cycles, the ultimate tensile strengths
retained (kN/m) were similar. The retained tensile strength results obtained were also close
for the 50% loading level application to 10 and 20 cycles. The authors emphasize that at
30 cycles, although the average retained strength is higher than the values observed for
10 and 20 cycles, the dispersion of these data (Figure 2) is highlighted. With 50% loading
level application to 90 cycles, the tensile strength loss is 14.8%, and the dispersion of the
sample (Figure 2) and population (Figure 3) data is highlighted. These data were not shown
in Figure 7 due to performing 90 cycles only for 10% and 50% loading levels.

The response surface in Figure 8 shows that both factors (number of cycles and
loading level) influence the ultimate tensile strength (Tmax) for the evaluated conditions
and a frequency of 0.1 Hz. The 10% loading level application presented strain hardening
for 10 cycles (62.3 kN/m). A loading level of 50% reduced Tmax as the number of cycles
increased. This behavior was more evident for 90 cycles, resulting in a partial reduction
factor (RFp) of 1.2. This behavior did not occur for the other loading levels (Table 3).
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4. Conclusions

This study focuses on the analysis of tensile-strain and hysteretic stiffness behaviors
using cyclic loads in accelerated tests, seeking to contribute to a better understanding of the
behavior of field conditions in dewatering systems. With tensile loading levels of 10% and
10 cycles, the polypropylene woven geotextile in this study presented an increase in tensile
strength due to strain hardening under the analyzed conditions. Regarding hysteretic stiff-
ness, there is a slight increase for the same loading level as the number of cycles increases.
This behavior was more pronounced for the 50% loading level. Changes observed for a 50%
loading level and 90 cycles are noteworthy, with a decrease of 14.8% in tensile strength due
to cyclic fatigue and implied an RFp of 1.2. Geotextiles are subjected to multiple conditions
for use in waste-dewatering systems. Therefore, it is necessary to consider other partial
reduction factors, such as installation damage, creep, seam strength, weathering, chemical
fluids, and clogging, related to site requirements. Obtaining the mathematical models
represented by exponential functions can be promising for understanding geosynthetic
durability under different factor conditions. Further studies are needed to evaluate cyclic
fatigue conditions in woven and non-woven geotextiles from other polymeric matrices.
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Nomenclature

ρA Mass per unit area (kg/m2)
µ Populational average (kN/m)
d Thickness (m)
Tmax Ultimate tensile strength (kN/m)
εmax Strain at ultimate tensile (%)
GTXw Woven geotextile
Jh Hysteretic stiffness
R2 Coefficient of determination (dimensionless)
RFp Partial reduction factor
CIs Confidence Intervals
UN United Nations
WCDE World Commission on Environment and Development
WCSs Waste Containment Systems
WTPs Water Treatment Plants
WWTPs Wastewater Treatment Plants
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