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Abstract: This research aims to assess the clogging process of geotextiles within silt fences. For that
purpose, the filtering efficiency, flow rate, and clogging of three geotextiles (GTX-1, GTX-2, and
GTX-3) employing two distinct soils and under three sediment discharge cycles were investigated.
The analysis adhered to the American standard D5141-11 and, as further analyses, qualitative
and quantitative inspections were conducted through microscopic images of the materials. The
results showed greater clogging of the nonwoven geotextile, GTX-1, with higher retention efficiency
(approximately 100%) and better turbidity removal for both soils, equal to a reduction of around 94%.
For GTX-2, a woven geotextile with a larger pore opening, less intense clogging and lower retention
efficiency were observed after the third discharge; the average was 96% for both soils. GTX-3, a
woven geotextile with a smaller apparent opening, exhibited a behavior similar to GTX-1: as the
number of cycles increased, the material experienced more clogging and higher retention efficiency
for soil 1 (approximately 98.5%). Based on these findings, it can be inferred that the discharge cycles
impact the tested geotextiles in diverse ways and, therefore, the selection of the material should be
contingent on project requirements.

Keywords: erosion; runoff; geotextile; sediment barriers; discharge cycles; optical microscopy

1. Introduction

Soil erosion and sedimentation are natural processes consisting of separation, trans-
port, and deposition of sediments [1]. This process occurs through erosive agents such as
rainfall, ice, and wind, and can be accelerated by civil construction activities [2]. Problems
caused by soil erosion and subsequent sedimentation are responsible for environmental
impacts on slopes of reservoirs and silted-up rivers, especially in regions with intense
rainfall and fine cohesionless soils [3]. Witheridge [4] highlights some of the main impacts
of erosion and surface runoff: clogging of stormwater pipes and culverts, sedimentation
and increased turbidity in water bodies, erosion due to raindrop impact, and laminar
erosion. Therefore, it is crucial to prevent and control erosion to minimize its consequences.
Controlling erosion aims to curb or restrain the soil’s gradual and sudden wear and tear [3].
In this context, the implementation of a sediment control system, such as a sediment barrier,
incurs lower financial costs than repairing the damages [5].

There are several methods for soil erosion control, such as mulching, contour seeding,
check dams, soil correction, stone dikes, chemical stabilizers, and sediment barriers (silt
fences) [6]. In this context, geosynthetics with the function of erosion control products have
become increasingly popular. Tests on the efficiency of different geosynthetic materials in
restraining erosion have been carried out by laboratory and field evaluation [7-9].
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A silt fence is a linear structure installed along the contours of a slope, serving as a
solution for temporary sediment containment. It is composed of geotextiles supported by
wooden or metal posts. Its function is to reduce the speed of laminar surface runoff and
the deposition of sediments transported from disturbed soil, such as that found in a con-
struction site, through retention. This method is cost-effective and easy to remove [5,10,11].
By preventing the transport of sediments into water bodies, it avoids sedimentation pro-
cesses, clogging of drainage system pipes, and deterioration of the aquatic environment [5].
According to Koerner [12], silt fences act as efficient filters until the lower region becomes
clogged, hindering water passage. This, in turn, leads to sediment accumulation in the area,
causing water with fine particles to reach points above the obstructed zone.

Among the materials comprising this solution, geosynthetics, specifically geotextiles,
are the main element. Over the past five decades, geotextiles have been used for filtration
in engineering, primarily because they are a cost-effective and an environmentally superior
solution to traditional granular filters [13]. The primary mechanism of this method is filtra-
tion which, according to the International Geosynthetics Society Guide for Geosynthetic
Specification [14], concerns retaining soil or other particles subjected to hydrodynamic
forces and allowing the passage of fluids through or around the geosynthetic. The guide
also emphasizes that the filtration properties of a geotextile depend on hydraulic conditions
and soil characteristics (particle size, density, and plasticity). The filtration process differs
between the two types of geotextiles—woven and nonwoven. In the former, it happens
two-dimensionally within the fabric of the geotextile, whereas in the latter, it takes place
three-dimensionally, with retention occurring throughout its thickness [15].

Urashima [16] and Muller et al. [17] discuss the dimensioning and construction meth-
ods of silt fences to formulate recommendations for installations and usage. The authors
suggest that, in addition to evaluating the filter’s retention capacity, simulations should
be conducted to analyze the variation in the system’s permeability over time. Further-
more, Whitman et al. [18-20] and Cooke et al. [21] focused on a study to improve the
design aspects of silt fences, and showed the efficiency of a silt fence depends on its
design and maintenance. Zech et al. [22] studied the use of tiebacks in silt fences. The
efficiency of structures, both with and without these reinforcements, was analyzed using
an intermediate-scale laboratory apparatus built for the study of erosive processes. The
results showed that the incorporation of tiebacks increases barrier efficiency, allowing for
sedimentation and filtration, and removing up to 90% of transported sediments. Bugg
et al. [23] performed full-scale testing in three silt fence practices and showed that the
structural performance is the most important performance factor in retaining sediment,
since it allows a large quantity of suspended soil particles to settle out. In a follow-up study,
Zech et al. [24] sought to develop a rational numerical method for designing silt fences
with tiebacks on highway construction sites. The method empowers designers to select the
most appropriate configuration of tiebacks and spacing for the sediment barrier.

In addition to evaluating the installation and maintenance of silt fences, the efficiency of
sediment removal also is an important design parameter. Wyant [25] conducted one of the
first laboratory studies on silt fences, and his work led to development of ASTM D5141-11 [26].
The standard examines the filtering efficiency and flow rate of the filtering material, assessing
the use of geosynthetics in silt fences. The standard provides information to select a geotextile
for a particular condition. Based on ASTM D5141-11 [26], the works of Risse et al. [27] and
Barbosa et al. [28] evaluated flow-through and sediment removal from different geotextiles
and soils. The results showed that geotextiles with lower permeability and apparent opening
size exhibited elevated water levels. In general, the sediment removal efficiency for all fabrics
was above 90%.

Cavalhieri [29] assessed the performance of nonwoven geotextiles in sediment barriers
using two distinct types of samples, in used and unused conditions. The findings revealed
that employing previously used nonwoven geotextiles resulted in enhanced turbidity re-
moval, accompanied by lower turbidity levels associated with reduced flow rates. These
observed behaviors can be attributed to the presence of sediments in the previously used
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samples, reducing the permeability and apparent opening of the materials, thereby enhanc-
ing the particle retention process. Furthermore, it was noted that new specimens exhibited
a more pronounced increase in turbidity removal with each repetition compared to used
ones. Gogo-Abite and Chopra [30] investigate the performance of woven and nonwoven
geotextiles in a field-scale tilting test-bed. The results showed that the woven geotextile
achieved lower performance efficiencies than the nonwoven geotextile concerning turbidity
and sediment concentration reduction, due to smaller apparent opening size and formation
of filter cake on the fabric. As observed by the previous studies, the mechanism of physical
clogging is not fully understood and remains incompletely defined. Miszkowska et al. [31]
created an artificial clogging system to study the cyclic water flow and filtration character-
istics of geotextiles. The authors reported it was difficult to establish a linear correlation
between the geotextile properties and hydraulic conditions.

Building upon the findings of the aforementioned studies, this study aimed to analyze the
clogging process and filtering efficiency of three geotextiles according to ASTM D5141-11 [26].
The analysis involved two soils with different particle size distributions and three sediment
discharge cycles. The assessment encompassed filtering efficiency, material flow rate, and
turbidity of the percolate, as well as microscopic analyses and a quantitative evaluation of soil
impregnation in the geotextiles based on images obtained after each discharge cycle.

2. Materials and Methods
2.1. Soils Tested

For this study, two distinct soil samples representative of the Vale do Paraiba region in
Sao Paulo, Brazil, were collected. Soil 1 corresponded to a young residual soil, identified as
silty sand and classified by the USCS as SW (well-graded sand). Soil 2, characterized as
a colluvial clay of sandy nature, fell under the classification MH (high plasticity silt), as
established by Pereira [32]. In this work, the author evaluated the soil’s erodibility based
on laboratory tests compared to classic geotechnical characterizations. The results obtained
showed that the soil studied had a medium to medium-high erosion susceptibility.

The essential characteristics of both soils are summarized in Table 1.

Table 1. Main physical properties of the tested soils.

Physical Characterization Soil 1 Soil 2
Gravel > 2.0 mm [%] 04 5.7
Sand 0.06 to 2 mm [%] 51.8 31.5
Silt 0.002 to 0.06 mm [%] 43.5 6.9
Clay < 0.002 mm [%] 44 55.9
Soil classification-USCS 1 SW MH
D15 [].’I‘ll’l’l] 0.005 -
D35 [1’1’11’1’1] 0.02 -
D50 [mm] 0.075 -
D85 [1’1’11’1’1] 0.7 0.25
Gs? 2.64 2.74
Liquidity limit [%] - 50.1
Plasticity limit [%] - 33.2
Plasticity index [%] NP3 16.9

3

Notes: ! Unified Soil Classification System; 2 specific gravity of grains; * non-plastic soil.

2.2. Geotextiles

In order to assess the efficiency and clogging of sediment barriers, three types of geotextiles
were tested, using a total of 18 samples distributed equally across three groups: GTX-1, GTX-2,
and GTX-3 (therefore, 6 samples for each one). Table 2 includes the materials” specifications.
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Table 2. Geotextiles’ specifications.

GTX-1

GTX-2

GTX-3

Material description

Nonwoven geotextile
made of 100% polyester
filaments

Geotextile bi-directional
fabric of polypropylene
laminates

Geotextile bi-directional
fabric made from
polypropylene laminates

Separation and

Material separation and

Application filtration construction Sludge dewatering
reinforcement

Characteristic

opening size 0.11 mm 0.30 mm 0.21 mm
(ENISO 12.956 [33])
Water permeability
(NBR 1SO 11.058 [34]) 0.4cm/s >2.0cm/s >2.0cm/s

Thickness 3.3 mm - -

The materials were selected to enrich the discussions on the behavior of geotextiles in
sediment barriers, especially woven and nonwoven, from materials of different specifica-
tions and usual applications.

GTX-1 represents the most widely used type of geotextile in Brazil for erosion control
as a sediment barrier. This material was chosen as an example of a non-woven geotextile,
showing clogging in all three dimensions.

Among the woven geotextiles, both with a bi-directional weave, the one most used
commercially as a sediment barrier and studied in previous research [17,28] for erosion
control, filtering and separating materials was GTX-2, with a flat weave.

Finally, GTX-3, which has a diamond-type weave and is characterized by its high
permeability and sediment retention capacity; due to the lack of previous studies on this
material in this application, it was decided to carry out tests with this geotextile. Therefore,
this work sought to evaluate the behavior of this woven geotextile, already widely used in
sludge dewatering.

2.3. Laboratory Tests with the Sediment Barrier

The tests conducted to determine the filtering efficiency and flow rate of the geosyn-
thetics were carried out following ASTM D5141-11 [26], which allows for the calculation
of filtering efficiency and material flow rate. Modifications were made to the protocol for
this study to adapt it to the available conditions in three respects: homogenization of the
samples before discharge, filtration of the effluent to determine the mass of soil passing
through the geosynthetic and turbidity measurement.

In this regard, Figure S1 illustrates the general scheme of the equipment used, includ-
ing its dimensions, and Figure 1 provides a photograph of the apparatus assembled in
the laboratory.

Due to the geometry of the upper reservoir, it was found that manual mixing was
sufficient to be able to mix the sediments homogeneously in a simplified manner. Therefore,
this was the technique used in all the experiments.

To quantify the soil that passed through the geotextile, we opted to substitute the filter
proposed with the 400 mesh sieve(38 um). The mesh opening of the sieve (38 um) and the
filter (20 um) were within the same range in silt grain size, leading to the conclusion that the
amount of passing soil retained on the sieve would not be significantly different compared
to that on the filter. The soil retained on the sieve and passing through the geosynthetic
was placed in capsules and subjected to heating in an oven at 105 °C for a minimum of 24 h
to determine the weight of the total dry soil that passed through the geotextile. In this step,
a balance with a precision of 0.01 g was used.
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Figure 1. Photo of the apparatus used in this study with the geotextile assembled.

As turbidity is a metric often used by regulatory agencies to quantify the quality of
stormwater discharges from construction sites [23], this measurement was added to this
research. We measured the turbidity of the water with sediments in the initial state—before
the filtration process and after collecting the effluent from each test passing through the
sieve. The selected value, in both instances, was the arithmetic mean of three consecutive
readings. The TU 43 model instrument was employed for these measurements, allowing
readings up to 1000 NTU with an accuracy of (0.5 NTU + 5%).

From these data, we computed the samples’ filtering efficiency (Fg) and flow rate
(Ft) utilizing the equations and nomograms recommended by the standard. The filtering
efficiency of the geotextile was determined through Equation (1).

(A—B) x 100

Fp=1- 150 M

in which A—capsule + residue weight (g); B—weight of the capsule (g); and 150—the initial
sediment mass (g).

For test durations less than 25 min, i.e., where complete drainage occurred before
reaching t = 25 min, Equation (2) was applied.

m3
Ft | 22 | =1.212856/¢ )
min

in which Ft—flow rate (m3/m?/min); t—test duration (min).
For test durations equal to 25 min, i.e., where the water depth measured at the instant
t = 25 min was not zero, Equation (3) was used.

m’ _ 2
|7 i 0.05 — 0.033784x f /t 3)
min (0.041231 + 0.33892xf)
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in which Ft—flow rate (m3/m? /min); xf—water depth at f = 25 min (mm); t—test duration (min).
To correct the flow rate to a temperature of 20 °C, Equation (4) was applied.

Ftygoc = Ft x Ut/ Uyg o 4)

in which T—water temperature measured in the laboratory (°C); Ft—filtering efficiency at
temperature T (m3/m?/min); Ut/U (20 °C)—viscosity ratio at temperature T and 20 °C.

The Ut/U (20 °C) ratio was obtained using the chart provided in ASTM D5141-11 [26].

The geotextile samples were cut to dimensions of 95 cm in length and 35 cm in height to
ensure proper placement at the entrance opening of the channel, preserving the geotextile’s
integrity by avoiding holes and preventing any structural damage.

To assess pore clogging in the geotextiles, up to three cycles were conducted— equiva-
lent to three repetitions of the standard test—on the same material. Consequently, 36 tests
were performed for the research, since the microscopic analysis required the samples to be
cut, significantly impacting their behavior upon reuse.

For systematic organization and control, each sample was assigned a standardized
code, GTX-I S.C, where GTX-I denotes the geotextile type, S the soil used, and C the total
number of cycles performed. For instance, a sample of geotextile type 1, subjected to three
cycles of tests with soil 1, was labeled as GTX-1 1.3.

Between each test repetition, there was a minimum 24 h interval, with the sample being
moistened only in the first cycle. This approach was adopted to simulate the functioning
of the geotextile in a real-world scenario, taking into consideration the time factor and
the enhanced soil adhesion in its dry state and thus allowing for an analysis of potential
increased clogging in the geotextile openings.

2.4. Microscopic Analysis

The microscopic analyses were conducted using the Zeiss Axio Imager Z2M Micro-
scope, Zeiss Group, Germany. To enhance contrast between soils and geotextiles, the
Darkfield option was employed with 5x and 10x lenses.

Due to spatial limitations of the instrument, it was necessary to select representative
areas of each tested material for cutting. Consequently, the microscopic analysis of geotex-
tiles was not performed between each cycle of testing. Instead, the final state was analyzed
after 1, 2, and 3 cycles in different samples, as cutting would significantly impact their
performance.

The lower central region was adopted as the standard, as visualized in Figure S2,
defined by a rectangle of dimensions 7 x 5 cm, approximately. The chosen area visually
represented the region with the greatest soil impregnation, as can be seen later in the results.
It is important to note that despite the limitations of the area analyzed, the standardization
of the area (central region of the geosynthetic) visually ensured that the clogging effect
could be assessed.

Initially, a map was generated with 81 images captured in 9 rows and 9 columns,
with a scale of 0.69 um/pixel at 5x magnification. Additionally, to assess specific details,
particularly related to the geotextile openings and possible clogging, one point from each
map was selected for enlargement at 10 x magnification, with a scale of 0.34 um/pixel.

The qualitative outcomes derived from the maps of each material—for both soils
subjected to three testing cycles—were employed to quantify (through FIJI Image J software,
win 64-bit) the soil impregnation in the geotextile. The segmentation-trainable Weka plugin
was applied, which utilizes machine learning techniques to categorize distinct classes
within the provided images. This plugin transforms the segmentation problem into a
pixel classification problem in which each pixel can be classified as belonging to a specific
segment or class [35].

This technique has been used in several studies with considerable success [35-37].
Staniewicz and Midgley [36] pointed out that the machine learning method provides a
much more accurate image classification than conventional thresholding and does not
require altering the source data with image filters before processing.
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Segmentation used the software’s existing training features: Gaussian blur, the Hessian
matrix, Sobel filter, membrane projection, and differences of Gaussians, by means of the
random forest method, dividing the map into two classes: soil and geotextile. Following
a classification training to check the results were visually appropriate, the plugin offered
quantification for each class, enabling the assessment of the evolution of soil impregnation
in the tested materials.

3. Results and Discussions

The evolution of the discharge cycles in each analyzed geotextile, for both studied soils,
was assessed based on the parameters obtained in the tests, namely percolate turbidity,
filtering efficiency, flow rate, and clogging in the pore openings.

3.1. Turbidity

The change in turbidity over cycles for each geotextile in both soils is depicted in
Figure 2. It is important to highlight that across all groups a substantial decrease in initial
turbidity was evident starting from the first cycle for both examined soils. The turbidity
values for soil 1 consistently exceeded those for soil 2, primarily attributed to the initial
turbidity of the samples before undergoing filtration by the geotextile (initial condition).

800

700

600

500

400

300

Turbidity [NTU]

200

100

Initial Condition Cycle 1 Cycle 2 Cycle 3

—— GIX-1-Sail 1 —+— GTX-2-Saoil 1 GIX-3-Sail 1
= o= GIX-1-Soil 2 weeeaeees GIX-2 - Soil 2 GIX 3 -Sail 2

Figure 2. Turbidity evolution throughout discharge cycles examined for the two tested soils across
the three evaluated geotextiles.

We considered the geotextile retention criteria according to Christopher and Holtz [38],
as expressed in Equation (5).
Ogs < BDgs (5)

in which Ogs—percentage opening size of geotextile; Dgs—diameter, for which 85% in mass
of the remaining soil particles are smaller than that diameter; B—parameter that depends
on the characteristics of the soil (soil 1 = 1; soil 2 = 1—woven geotextile, and 1.8—nonwoven
geotextile).

It is noted that the maximum diameters (Dgs) of the particles of soil 2 (Table 1) were
lower than the apparent opening sizes of GTX-2 and had similar values to GTX-3 (Table 2).
In general, for the particle size and geotextile opening dimensions involved, the coarser the
soil, the greater the diameter of the particles that piped through the geotextiles [9].

For GTX-1, optimal performance was observed, showing a substantial decrease in
initial turbidity for both soil types. A continuous decrease in turbidity was noted, directly
proportional to the number of cycles conducted on the same sample. In terms of the
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percentage difference between the initial and final turbidity values, there was a gradual
increase in reduction from 85% to 93% for soil 1. For soil 2, there was a practically constant
average reduction in turbidity of 95%.

According to Cavalhieri [29], prolonged use of the geotextile led to the adherence of
dissolved solids, causing a reduction in the diameter of its pore openings and, consequently,
enhancing turbidity removal. This phenomenon became more apparent when multiple
cycles were conducted on the same sample. However, the present study observed that this
occurrence was not uniform across all sample types, likely due to the limited number of
cycles conducted and variations in material characteristics, such as pore opening.

GTX-2 exhibited the least favorable performance, displaying the smallest reduction in
turbidity among the three geotextile types: around a 25% reduction for soil 1 and a 57%
reduction for soil 2. In this sample, a slight decrease in turbidity was noted in the second
cycle. Conversely, during the third cycle, an increase in turbidity was noted in both types
of soil, surpassing even the levels observed in the first cycle. Despite the few cycles tested
and the difficulty in understanding the behavior, a greater deformation of this material was
observed throughout the tests.

Furthermore, as mentioned in the material specifications (item 2.2), among the materi-
als tested, this woven geotextile had the largest opening size. Analyzing the soils tested,
this opening size is larger than the D5 of soil 1 and the Dgs of soil 2.

A possible explanation for the lower reduction in turbidity in GTX-2 with soil 1 may be
associated with the fact that this soil showed greater sedimentation of the coarse fractions
on the apparatus ramp. As a result, a pre-filter was not formed, and the entire fine portion
of the soil passed through the geotextile. As turbidity is related to the suspended solids in
the solution, the change was not very significant. On the other hand, it is believed that in
soil 2, due to a significant percentage of clay and sand, a better pre-filter was established,
increasing the reduction in turbidity.

GTX-3 showed the same trend as GTX-2, where there was no substantial reduction in
turbidity for soil 1 (around 33% reduction). However, for soil 2, a decrease in turbidity was
noted, reaching a reduction of around 80% after the third cycle. The same explanations can
be associated with the phenomenon; however, as the pore opening size was a little smaller,
the retention process was better.

When comparing the results obtained with nonwoven geotextiles, on a small scale,
with the results reported in the literature, on a large scale, there is a divergence in behavior.
Whitman et al. [18] and Bugg et al. [23] evaluated the upstream and downstream water
quality during the performance of the tests. Both researchers indicate that none of the
silt fences evaluated provided an improvement in turbidity between the upstream and
downstream sampling points. Moreover, turbidity upstream was less than downstream
during the testing period. This phenomenon can be attributed to upstream impoundment
formation, which allows soil particle sedimentation to occur [18]. This phenomenon was
not observed in this study.

A similar pattern to that in this study was observed by Faucette et al. [39], who found
that the silt fence reduced turbidity by up to 70%. It is important to explain that in both works,
the turbidity measurements were taken after the water samples had been homogenized.

3.2. Filtering Efficiency

Regarding filtering efficiency results (Figure 3), it was observed that the nonwoven
geotextile GTX-1 exhibited greater solids retention compared to the woven geotextiles
GTX-2 and GTX-3.
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Figure 3. Filtering efficiency throughout discharge cycles examined for the two tested soils across the
three evaluated geotextiles. (A) Soil 1. (B) Soil 2.

This was an expected result, as GTX-1 was the only nonwoven geotextile among the
materials studied and the one with the smallest apparent pore opening size. Nonwoven
geotextiles have a different distribution of filaments to woven geotextiles: they have
randomly distributed filaments that form a planar structure. Woven geotextiles, on the
other hand, are composed of two sets of linear elements systematically intertwined, with
defined and standardized pore openings. As a result of this difference in configuration,
they have a greater number of confrontation points, i.e., a greater likelihood of retaining
sediment throughout their thickness, which increases their filtration efficiency. In woven
geotextiles, where filtration takes place only in the weave region, i.e., only clashes on the
surface, the number of clashes is lower and therefore clogging is less intense.

The results obtained in the laboratory are in line with those verified in the field by
Whitman et al. [20], where sediment retention capabilities for nonwoven wire-reinforced
silt fence installations that did not experience overtopping flows or undermining ranged
between 90% and 100%.
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As noted in Cavalhieri’s study [29], nonwoven geotextiles exhibit higher efficiency
compared to new ones. Additionally, Palmeira et al. [40] showed that the retention capacity
of nonwoven geotextiles increased due to the flow conditions and impregnation by soil
particles. This hypothesis was not confirmed in the three cycles carried out in this research,
since the filtering efficiency remained practically constant and very close to 100% in the
two soils analyzed.

The GTX-2 group’s filtering efficiency value, although similar to that of the other
groups, was the lowest. As this was the material with the largest apparent pore opening size,
it is natural that the particle retention process was more difficult than that of the others. In
addition, there was a noteworthy deformability of the material during the tests, which may
have altered the pore opening size, even if only minimally, with each cycle carried out. The
efficiency of the material for the two types of soil was similar, with no significant variation.

For GTX-3, intermedjiate filtering efficiency values were observed, with almost constant
values when comparing the two types of soil. There was no significant variation in the
parameter when the tests were repeated.

In summary, it is emphasized that all three materials demonstrated efficiencies sur-
passing 95%, with no significant variation in efficiency observed among different geotextile
types based on soil type.

3.3. Flow Rate

Initially, focusing on flow rate and accounting for the correction factor stipulated
by the standard, there was a noteworthy impact of temperature on the obtained results.
Water viscosity varied according to temperature, interfering with the results, even if not
significantly. The results were adjusted according to the ASTM D5141 standard [26], which
corrects the data based on the relationship between the viscosity at the temperature at which
the test was carried out and the standard temperature of 20 °C. As the test temperature
increased, the applied correction factor decreased, leading to reduced flow rate values.

Throughout this study, the average temperature maintained during the tests was
23.2 °C. Overall, thermal fluctuations between cycles were minimal, except for those
associated with GTX-2, exhibiting an approximate variation of 2.5 °C. Despite the small
impact observed, the ideal way to get around this variation is to standardize the test
temperature through thermal control in the laboratory.

In terms of the flow rate results, an inversely proportional relationship to efficiency
was observed, wherein an increase in efficiency corresponds to a decrease in the flow rate.
This observation aligns with findings from Gogo-Abite and Chopra [30], who linked lower
turbidity values to reduced flow rates. The GTX-1 group exhibited this behavior most
prominently, with the lowest flow rate values decreasing with each cycle. This outcome
was anticipated due not only to the lower permeability within the groups but also to the
material’s increased susceptibility to clogging, attributed to its weave type, smaller pore
openings, and substantial thickness.

It is also important to point out that in the field, in addition to the characteristics
of high soil impregnation, other conditions must be considered in the specification of
the geotextile, such as mechanical and endurance properties. When the product meets
such requirements, a very cost-effective and quick-to-install barrier for sediments can be
employed [40].

Concerning geotextile GTX-2, in line with previous turbidity and efficiency results,
an increase in the flow rate was observed for soil 1. As mentioned above, this is possibly
due to the significant percentage of sand and silt in soil 1, which gave the mixture greater
mass, enhancing the sedimentation process on the apparatus ramp. As the soil remained
partially on the surface of the ramp, the flow rates were higher. It was also found that the
flow rates increased as the cycles were repeated. On the other hand, for soil 2 there was a
decrease in flow rates as the cycles were carried out, due to the probable formation of a
pre-filter; i.e., retention of particles by larger particles retained by the geotextile because of
the gradation of the soil.
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For geotextile GTX-3, the highest flow rate was observed in soil 1, showing a gradual
decrease with each cycle. In contrast, soil 2 exhibited consistent values across cycles, with a
slight decrease as the cycles progressed.

The results in Table 3 and Figure 4 illustrate the inversely proportional relationship
between water level and flow rate. This is primarily attributed to sediment accumulation in
the material’s pores, hindering the mixture’s passage in the lower region and consequently

elevating the water level and decreasing the flow rate, as explained in [12].

Table 3. Flow rate results.

Soil 1 Soil 2
Flow Rate Flow Rate
Sample Cycle (m3/m%/min) Sample Cycle (m®/m2/min)
GTX-11.3 1 0.02775 GTX-12.3 1 0.03069
GTX-11.3 2 0.02280 GTX-123 2 0.02739
GTX-11.3 3 0.01940 GTX-12.3 3 0.02321
GTX-21.3 1 0.03967 GTX-223 1 0.05399
GTX-21.3 2 0.04356 GTX-223 2 0.03643
GTX-21.3 3 0.04871 GTX-22.3 3 0.03430
GTX-31.3 1 0.18433 GTX-32.3 1 0.03307
GTX-31.3 2 0.13390 GTX-323 2 0.03234
GTX-31.3 3 0.09909 GTX-32.3 3 0.03111
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Figure 4. Water level throughout the test. (A) GTX-1, soil 1. (B) GTX-1, soil 2. (C) GTX-2, soil 1.
(D) GTX-2, soil 2. (E) GTX-3, soil 1. (F) GTX-3, soil 2.
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For the GTX-1 sample (Figure 4A,B), the observed lower flow rate was intimately
linked to blinding and clogging phenomena, both characteristic of nonwoven geotextiles.

Regarding geotextile GTX-2 (Figure 4C,D), the water level exhibited variation based
on the soil type. For soil 1, there was a reduction in the water table over the cycles. This
behavior was linked to the increase in flow rate, caused by the increase in flow velocity due
to the reduced mass of sediment. For soil 2, the behavior was similar to that of the other
materials, with an increase in the water table as the cycles were carried out.

Lastly, in the case of geotextile GTX-3 (Figure 4E,F), a similar trend to that of GTX-1
was observed, featuring an increase in water level with each cycle, with less clogging,
especially in the case of soil 1. It is noteworthy that GTX-1 exhibited a distinctive behavior
in soil 1, likely attributable to its smaller pore openings. Additionally, the clogging of pore
openings occurred faster with soil 1, leading to a more pronounced decline in the flow rate.
For soil 2, the clogging of pore openings was evident from the initial cycle, resulting in
similar flow rate values across subsequent conducted cycles.

The flow rate and water level are important parameters to evaluate, since in practice
they are associated with stresses on the geotextile and upstream impoundment formation.
This formation decreases turbidity along the surface of the impoundment water column,
similar to the processes that take place within sediment basins [18].

3.4. Clogging

The examination of clogging took place at both macroscopic and microscopic levels.
Initially, through visual inspection of the tests on the three geotextiles, it was observed
that GTX-1 experienced a quicker onset of obstruction compared to woven geotextiles,
commencing within the initial minutes of the first pass. This led to a gradual decrease in
the water level and incomplete drainage throughout the test period (t = 25 min), with the
most substantial layer of adhered sediments observed in this particular sample.

More intense clogging of the material requires more frequent washing or replacement
of the filter. According to Urashima [15], this is enhanced by very fine particles, due to the
low hydraulic conductivity barrier they quickly create.

Secondly, GTX-3 encountered obstruction midway through the test, exhibiting a less
substantial layer of sediments compared to the nonwoven fabric. Nevertheless, in subsequent
cycles, a gradual reduction in the water level was observed from the initial minutes.

GTX-2 exhibited the lowest level of clogging among the three groups, with soil im-
pregnation at its bottom in the three cycles conducted on the sample. Additionally, it
was observed that soil adhesion to the geotextile occurred on the weave, without inter-
fering with pore openings. There was a higher degree of clogging in soil 2, due to the
characteristics of the grains, which explains the higher flow rates in this soil.

Considering only the woven geotextiles, more clogging was visually observed in the
material with the smallest apparent opening size. As a result, different degrees of clogging
can be observed on a macroscopic scale in Figure 5.

The distinction between the filtration processes for the two types of materials, woven
and nonwoven geotextile, as described earlier, is apparent in these findings. Nonwoven
clogging was more pronounced owing to the higher number of contact points, as particle
retention occurred three-dimensionally, and its structure comprised randomly distributed
filaments. In contrast, the filtration process in woven geotextiles was confined to their
weave, making it less substantial.

Furthermore, in alignment with the previously discussed findings, the images cap-
tured by the optical microscope illustrate the progression of discharge cycles for the three
materials in the two examined soils (Figures 6-8). To provide a more detailed insight into
material impregnation within the pores, Figures 9-11 showcase images from the third
discharge cycles, with emphasis on the respective areas of the material.
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Figure 6. Map of photos taken with the optical microscope—GTX-1. (A) Soil 1, cycle 1. (B) Soil 1,
cycle 2. (C) Soil 1, cycle 3. (D) Soil 2, cycle 1. (E) Soil 2, cycle 2. (F) Soil 2, cycle 3.
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Figure 7. Map of photos taken with the optical microscope—GTX-2. (A) Soil 1, cycle 1. (B) Soil 1,
cycle 2. (C) Soil 1, cycle 3. (D) Soil 2, cycle 1. (E) Soil 2, cycle 2. (F) Soil 2, cycle 3.

Figure 8. Map of photos taken with the optical microscope—GTX-3. (A) Soil 1, cycle 1. (B) Soil 1,
cycle 2. (C) Soil 1, cycle 3. (D) Soil 2, cycle 1. (E) Soil 2, cycle 2. (F) Soil 2, cycle 3.
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Figure 10. Details of soil impregnation in the geotextiles after the third cycle—GTX-2. (A) Soil 1. (B) Soil 2.
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Figure 11. Details of soil impregnation in the geotextiles after the third cycle—GTX-3. (A) Soil 1. (B) Soil 2.

As outlined in Section 2.4, the quantification of soil in the geotextile, conducted
through FIJI Image ] software, win 64-bit, is detailed in Table 4. From this, it is possible
to assess the percentage of soil impregnated in the geotextile during each cycle for each

sample and soil type.

Table 4. Quantification of soil in the geotextile by segmentation plugin in FIJI Image J, win 64-bit.

Soil 1 Soil 2

Sample % of Area % of Area Sample % of Area % of Area

4 with Soil with GTX P with Soil with GTX

GTX-11.1 84 16 GTX-12.1 88 12
GTX-11.2 76 24 GTX-122 89 11
GTX-11.3 92 08 GTX-12.3 91 09
GTX-21.1 7 93 * GTX-22.1 26 74 *
GTX-21.2 29 71 * GTX-222 2 78 *
GTX-21.3 72 28 * GTX-22.3 10 90 *
GTX-31.1 52 48 GTX-32.1 41 59
GTX-31.2 38 62 GTX-322 4 58
GTX-31.3 4 58 GTX-32.3 39 61

Note: * The percentage of area with voids is included in geosynthetic area for the images from GTX-2.

In the case of GTX-1, a swift adhesion of soil to the nonwoven fabric was noted in both
soil types from the initial cycle, showing an inclination to escalate due to induced clogging.

For GTX-2, within the microscopically examined area, it was observed that in soil 1,
impregnation occurred in the weave, essentially staining the material with fine soil particles.
Despite the increased impregnation with cycles, this phenomenon was not associated with
the obstruction of pore openings by coarse soil particles. As for soil 2, soil impregnation did
not stain the weave, resulting in a small percentage of material adhered to the geotextile
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for the three analyzed cycles. It is worth noting that for both soil types, despite soil
impregnation in the geotextile, there was no clogging in the pore openings.

Lastly, GTX-3 exhibited an overall soil impregnation of approximately 40% of the area
for both soils across the three evaluated cycles. Notably, in soil 1, there was an observable
trend of decreasing soil impregnation with cycles. Conversely, for soil 2, it can be concluded
that the discharge cycles did not exert a significant influence on soil impregnation.

3.5. Joint Analysis of Evaluated Parameters

Firstly, for a more precise analysis of the behavior of the materials, a greater number of
cycles should be carried out on the same sample, to simulate the situation of the sediment
barrier in the field. In addition, it is recommended to study possible installation damage
and degradation of the materials, which affect their performance. Rosa et al. [41] point out
that the soil can contain sediments that are harmful to the elements of the sediment barrier,
affecting its resistance and durability over time. In addition, standardizing the temperature
of laboratory tests would be recommended for future research.

Table 5 summarizes the characteristics obtained for each material group tested in the
two soils.

Table 5. Summary of evaluated characteristics for each geotextile type.

. Turbidity Filtering . .
Geotextile Removal Efficiency Flow Rate Clogging Material Cost
GTX-1 High High Very low High Average
GTX-2 Low High Average Low Low
GTX-3 Average High High !/ Average High

Average 2

Note: ! Soil 1; 2 soil 2.

From this, it is evident that the nonwoven geotextile (GTX-1) showed the most effective
performance in terms of turbidity removal, regardless of the soil type. The observed
difference in effectiveness was attributed to the lower apparent opening size from the
GTX-1, which was 0.1 mm and was lower than the Dgs of both soils. Nevertheless, this
efficacy was accompanied by a reduction in flow rate and an increase in material clogging.
It was noted that this clogging became apparent from the initial sediment discharge cycle
for both examined soils.

Despite their good performance, it should be noted that the greater potential for
clogging requires more frequent filter changes or washing. In addition, the greater deforma-
bility under traction of nonwoven geotextiles compared to woven ones, although making it
easier to accommodate uneven terrain, may require a greater number of support points or
the installation of other material to compensate [41].

Regarding woven geotextiles, it is important to highlight that GTX-2 showed the least
effective performance in turbidity removal. However, in contrast, it presented an average
flow rate and lower clogging. In essence, the discharge cycles had a minimal impact on
the material’s performance, as it maintained a more consistent operation across the three
tested cycles in the two evaluated soils.

GTX-3 exhibited a moderate performance in removing turbidity during sediment
discharge and in material clogging across the cycles. Despite its moderate performance, the
filtering efficiency values were high, particularly for soil 1, which had a coarse granulometry,
and demonstrated higher flow rates.

Finally, another aspect to consider is the cost of materials, which are listed in ascending
order of cost as follows: GTX-2, GTX-1, and GTX-3. Despite showing a lower performance
than that of the other geotextiles, GTX-2 was the most affordable, as well as requiring less
frequent washing and replacement.
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4. Conclusions

The purpose of this study was to assess the performance of silt fences using various
geotextiles in two different soil types over three sediment discharge cycles. Analyses
conducted on both macroscopic and microscopic scales indicated that the clogging process
was, overall, minimally affected by the soil type.

The influence of discharge cycles was more pronounced when evaluating the water
level behind the barrier and the flow rate, with the soil type notably affecting the results,
particularly in woven geotextiles. However, in order to better understand the effect of
cycles on the behavior of materials, it is necessary to carry out more tests. A more complete
assessment of the effect should involve a greater number of cycles, analysis of geotextile
degradation and practical application on a large scale.

Based on the summarized findings, it can be deduced that selecting the most appropri-
ate geotextile for silt fence applications hinges on the specific requirements of each project.
In scenarios emphasizing improved effluent clarification, particularly in locations near water
bodies, GTX-1 proved to be a more suitable choice. However, being a nonwoven geotextile,
it is susceptible to clogging, requiring more frequent material exchanges and, consequently,
incurring higher maintenance costs. In situations where effluent clarification and mate-
rial cost are not decisive factors, GTX-3 could be a viable option due to its performance,
despite the higher unit cost. As the most economically feasible product, GTX-2 excels in
scenarios where achieving high turbidity removal is not the primary objective, and cost is of
greater significance. It is crucial to emphasize, however, the importance of analyzing the
compatibility between soil particle size and the apparent opening of this material.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16010107/s1, Figure S1: Scheme of the apparatus used in the study,
according to ASTM D5141-11 [26]; Figure S2: Highlighted geotextile area that was used in the analysis
with the optical microscope.
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