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Abstract: Two main issues are addressed in this work. The first issue is environmental concerns
about managing plastic waste on a large scale by promoting reuse with low energy requirements in
the recycling processes. The second issue is the desiccation cracks in fine soils, induced by prolonged
droughts, which have motivated the interest in mitigating the adverse effects on the stability of
geotechnical works using recycled materials. Therefore, this work addresses a strategy based on the
use of recycled polyethylene terephthalate (PET) and polypropylene (PP) fibers for the reinforcement
of soils prone to cracking. To evaluate the effectiveness of plastic fibers in controlling soil volumetric
changes and cracking during drying, several experiments were conducted in an environmental
chamber to properly simulate and monitor the desiccation process. Image analysis and suction
measurements provided several metrics and parameters, and their usefulness is discussed in detail,
both for the unconventional determination of the optimum fiber content by weight with 100%
effectiveness in preventing cracking and for correlating fiber content with reductions in shrinkage
and cracking patterns, thus contributing to the understanding of the behavior of fiber-reinforced
soils. Finally, examples of large-scale applications of recycled plastic fibers in geotechnical works are
proposed, and the positive environmental impact is estimated.

Keywords: soil desiccation; shrinkage; cracking; image analysis; polyethylene terephthalate fibers;
polypropylene fibers

1. Introduction

One of the most significant consequences of global warming is the progressive desic-
cation of soils, resulting in volumetric changes that cause deformations due to shrinkage
and local or regional cracking. The adverse effects of drying cracks on the mechanical
properties, stability, and structure of the soil, as well as the dynamics of surface runoff,
groundwater recharge, infiltration, and permeability, have been investigated in several
studies [1-3]. These changes result in issues such as differential settlement, a reduced
soil-bearing capacity, landslides, erosion, and infiltration into water reservoirs or waste
deposits [4,5]. While traditional methods of reducing the cracking potential of soils using
chemical agents such as lime and Portland cement are well documented, recent efforts in
line with the Sustainable Development Goals (SDGs) [6], based on the use of recycled waste
for soil strengthening, are in their early stages.

This work proposes the use of recycled fibers from polyethylene terephthalate (PET)
and polypropylene (PP), the two most widely produced plastics in the world, as rein-
forcement for soils prone to cracking due to desiccation. Two critical issues are therefore
addressed here: managing the life cycle of plastic waste and mitigating the problems caused
by increasing and prolonged droughts [7,8].

This research aimed to improve our understanding of the behavior of fine-grained soils
when reinforced with plastic fibers by applying unconventional analyses. Consequently, the
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main objectives were to quantify the impact of different plastic fiber contents in mitigating
cracking and shrinkage during soil desiccation and to determine the optimum fiber content
through image analysis. Since this content is usually estimated based on the highest dry
unit weight that provides high strength, the use of non-conventional procedures based in
imaging helps in determining the optimal fiber content with maximum effectiveness in
mitigating cracking and shrinkage, which is a key point in soils prone to cracking during
drying. Furthermore, given the conflicting ideas found in the literature [9,10], suction
measurements were performed to verify whether the inclusion of fibers in the soil modifies
the retention curve.

For these purposes, a comprehensive experimental study was conducted using low-
plasticity clayey samples with different PET and PP fiber contents. These samples were
subjected to controlled desiccation in an instrumented environmental chamber to monitor
changes in water content, soil suction, and the cracking process through digital image
capture. A detailed image analysis was conducted to study the morphology and geometry
of cracks and shrinkage, revealing specific metrics and parameters that govern the changes
and patterns observed as a function of time, fiber content, moisture reduction, and soil
suction. Finally, two specific practical applications of reinforced soils in geotechnical
engineering are proposed, and the benefits of using recycled plastic fibers are estimated
based on the results of this study.

2. Fundamentals and Background

This section presents the basics and relevant background on soil desiccation cracking,
the quantification of soil cracking using image analysis, suction in fiber-reinforced soils,
and the environmental benefits of recycled plastic fibers for soil stabilization.

2.1. Desiccation Cracking of Soils

During desiccation, the water content of the soil decreases, resulting in a reduction
in volume. Simultaneously, tensile stress increases and soil strength may be exceeded,
causing cracking until no further volume change occurs [11,12]. These cracks propagate
and interconnect over time to form a network of geometric block patterns, as shown in
Figure 1.

Figure 1. Network of desiccation cracks in fine-grained soil.

The susceptibility of fine soils to cracking under varying environmental conditions is
significantly influenced by mineralogy [13] and particle rearrangement during drying [14].
Variables such as the geometric properties of cracks and shrinkage patterns have provided a
practical way to characterize the soil and the relationship with mechanical behavior [15-17].
Additional parameters from fracture mechanics [18,19], the tensile strength [20], and the soil
retention curve [21,22] have also been used for various types of soil crack characterizations.
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Lloret and Olivella [23] dried clay samples in circular molds 4-16 mm thick and
observed three important things: (a) sample thickness has no effect on vertical deformation
at crack initiation; (b) the time to crack initiation is linearly related to the sample volume;
and (c) the greater the thickness, the greater the crack separation. Another study has shown
that cracking starts at the same water content, even though the initial water content is
different [24]. Furthermore, a quantitative analysis suggests that there is a minimum aspect
ratio of 5.8 below which the material does not undergo macroscopic cracking [25].

In addition, the effects of mold geometry, initial test conditions, and the drying rate
on crack initiation and progression on reconstituted clays have been studied; the obtained
ratio of crack area to total area at a given time varied from 0.2 to 11.2. [26].

In summary, comprehensive analyses of soil cracking should consider a wide variety
of aspects: microstructural changes, micromechanical analyses of the evaporation process,
changes in the pore water pressure, water dynamics throughout the soil, the effects of soil
shrinkage and tensile strength, and the formulation of models for predicting crack charac-
teristics such as the width, depth, and variability of the geometry during propagation [27].

2.2. Quantification of Soil Cracking

Since crack morphology has inspired many studies, the image analysis technique
has been crucial in monitoring the cracking process of soils in laboratory experiments
using tools based on X-ray tomographic images [28] and photographic images [29-33], and
several indices have been proposed based on the measurements. For example, the crack
intensity factor (CIF) is defined as the ratio of the crack area to the initial area [15]. CIFtot
can be quantified as the ratio of the crack and shrinkage areas to the initial area [34]; this
factor is also known as the crack density factor (CDF) [35]. Alternatively, CIF* is the ratio of
the crack area to the reduced area after shrinkage is complete [36].

These factors have been quantified in various studies to characterize the cracking
along with other geometric parameters, such as the crack length (CL) and crack width
(CW) [37]. In compacted fine soil samples with an exposed area of 5 cm x 5.5 cm, crack
patterns were fully developed in the different samples after 50 h, and the more compacted
samples showed more complex patterns with the CL varying between 11 cm and 14 cm
and the CW between 0.6 mm and 0.8 mm [38].

Many studies in the literature have analyzed crack formation through bidimensional
(2D) studies due to challenges in measuring and quantifying cracking parameters in three
dimensions (3D). Representing soil in a 2D plane allows for a clear visualization of cracking
patterns and their distribution. In a notable effort, Tang et al. [39,40] explored crack
propagation and volume changes in compacted clay samples during desiccation using
X-ray Computed Tomography (CT). Besides 3D volumetric investigations, CT scans hold
potential for characterizing spatial variations in soil properties. However, the performance
of CT may face challenges from poor-quality images, impacting accurate predictions of
object composition. Considerations such as beam hardening and partial volume are crucial
for ensuring image accuracy. Although higher X-ray intensity or micro-focus X-ray tubes
can enhance quality, their applicability to larger-scale characterizations is constrained by
resolution limitations. Therefore, efforts should be continued to achieve a more accurate
3D analysis.

2.3. Soil Reinforcement with Plastic Fibers

In an effort to more effectively mitigate the impact of plastic waste on the environment,
several studies have reported on the use of recycled plastic in construction materials [41].
The use of recycled plastics has been studied as a reinforcing material for large-scale
engineering projects, such as embankments, reservoir, and landfill linings [42,43], and to
improve unstable fine-grained soils [44,45].

Synthetic fibers from polyester [46,47] and polypropylene [48-51] have been tested,
and optimal fiber content between 0.3% and 1% by weight have been found to improve
physical and mechanical properties of soils. The mixing and compaction processes are
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found to be highly relevant as flocculation and segregation can occur depending on the
technique used.

Most of the aforementioned studies have focused on the evaluation of the mechanical
properties of fiber-reinforced soil. Therefore, it is necessary to perform detailed analyses of
the incidence of fiber inclusion on both the morphology of the crack and the shrinkage of
the reinforced soil.

2.4. Suction in Reinforced Fiber Soil

Soil desiccation is a complex, coupled, multiphysical process involving water evap-
oration, volume contraction, and cracking as suction and effective stress within the soil
increase. Desiccation cracking initiates and propagates due to internal stress accumulation;
therefore, the intensity and characteristics of cracking will also depend on the relationship
between the suction and soil water content.

When fibers are incorporated into the soil, the composition and physical arrangement
of particles are altered, and the volumetric relationships change. These changes could affect
the soil retention curve and the suction value because they depend on the capillary and
adhesive forces acting in both the pores and the particle surfaces.

It is worth mentioning that few studies have been found in the literature related
to obtaining the retention curve of fiber-reinforced soil, and their results have not been
conclusive. On the one hand, water retention curves obtained with a porous plate apparatus
on compacted clays reinforced with polypropylene and nylon fibers with contents between
0.3% and 0.5% have shown that the fibers did not have a significant influence on the
volumetric water content of the treated soils [9]. On the other hand, in similar experiments
but using the filter paper method, a significant increase in the Air Entry Value (AEV) was
observed with increasing polypropylene fiber content. This increment would be related to
the reduction in porosity and a greater suction requirement to desaturate the reinforced
soil [10].

2.5. The Environmental Benefits of Plastic Reuse

According to the Organization for Economic Cooperation and Development (OECD),
more than 350 million tons of plastic waste were generated in 2019 [52]; it was also esti-
mated that 49% was disposed of in landfills and 22% in the environment, while 19% was
incinerated, and only 10% was recycled. The poor management of plastic waste induces
risks such as flooding due to the clogging of drainage systems, the shortening of the useful
life of landfills, the contamination of groundwater by leachate from incineration ashes, and
toxic and greenhouse gas emissions [53].

Since the energy required to recycle plastics is much less than the energy required
to produce them, reuse on a larger scale is promoted as a circular economy strategy for
plastic waste management [54]. Mechanical treatment, such as that used in plastic fiber
production, is recommended over chemical or thermal treatments because it is simpler, less
polluting, and more energy efficient. It is estimated that 1 kg of bottles can produce 900 g
of fiber. Different applications in terms of the number of bottles to reuse could be estimated
based on the average weight of some PET bottles: 6.4 g for 250 mL, 18.7 g for 600 mL, and
32.6 g for 1500 mL [55].

The benefits of recycling in terms of reducing the carbon footprint can be estimated
using the model proposed by Dormer et al. [56], who found that the production of 1 kg of
plastic product generates 3.5 kg of COye, while the use of recycled PET reduces the carbon
footprint to one third. It has also been estimated that producing 1 kg of recycled PET short
fiber emits 0.3 kg of CO,e [57]. In contrast, the incineration of 1 kg of PET produces 1.38 kg
of greenhouse gas (GHG) emissions, and landfilling, 0.99 kg of GHG [58]. This means that
recycling PET can reduce greenhouse gas emissions by 75% compared to incineration and
by 65% compared to landfilling.
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3. Materials and Methods

This section describes the materials and the procedures used for preparing soil-fiber
mixtures, drying samples in an environmental chamber, analyzing images, and measuring
parameters of interest. To evaluate both quantitative and qualitative parameters related to
desiccation cracking in samples of fine soil mixed with synthetic fibers, an experimental
laboratory program was conducted, including sample preparation, testing, and analysis, as
shown in the flowchart in Figure 2.

1.Sample preparation 3. Analysis

Soil + water w=30% "i | (I Desiccation test Image analysis process using

¢ in environmental Image J
‘ Cured for24 h

&) chamber
Record of suction, ( h
Soil +fiber images, and :
-1

environmental

Sl conditions
R e
B ¢

S

-
2| Verification of water
# L
e

Suction
measurements
with WP4C

Quantitative parameters for
cracking and shrinkage

Figure 2. Research flow chart.

3.1. Characteristics of the Recycled Plastic Fibers

Table 1 summarizes the length (L) and diameter (D) of the PET and PP fibers used
(shown in Figure 3), along with some reported characteristics: the specific gravity (Gs),
maximum tensile stress at 20 °C (ot), modulus of elasticity (E), unit strain (¢q), and melting
temperature (Tf°) [59].

Figure 3. Recycled fibers used: (a) polyethylene terephthalate; (b) polypropylene.

Table 1. Characteristics of the reinforcement fibers.

Fiber L D Gs ot (MPa) E (MPa) eq (%) Tf (°F)
Type (mm) (um) [59] [59] [59] [59] [591
PET 50 15 0.92-0.96  76-586 4999 3-80 273

PP 13 31 0.9-0.91 138-689 3447-4826 15 330
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3.2. Soil Characteristics

The clayey soil samples used in this study were obtained from a 4 m deep excavation
carried out at the Scientific and Technical Unit of Agrépolis, in the Llobregat Delta region
of Catalonia, Spain. This soil has been characterized in previous studies [60,61], and its
main properties are presented in Table 2.

Table 2. Properties of the soil used [61].

Index Properties

Specific gravity (Gs) 2.7 [62]

Liquid limit (wy, %) 29 [63]

Plastic limit (wp, %) 17 [63]

Shrinkage limit (wg, %) 14 [64]

Plasticity index 12 [63]

Unified Soil Classification System (USCS) CL [65]

Number of additions of methylene blue (N) 72 [66]
Proctor compaction

Optimal water content (wopt, %) 16 [67]

Max. weight of dry unit (7 yax, KN/m?) 17.8 [67]

3.3. Sample Preparation

For shrinkage crack formation in all test samples, water content above the liquid limit
of the soil is necessary. So, 30% water content was added to the disaggregated air-dried
soil, and it was mixed by hand with a spatula. The soil was stored for 24 h in a room with
controlled humidity and temperature conditions to ensure homogeneity. Soil moisture was
measured before and after storage.

Since this study was focused on evaluating the effect of varying fiber content on
cracking and shrinkage patterns, the soil was divided into portions, and the predetermined
percentages of plastic fibers were manually incorporated into each portion and then mixed
with a spatula to avoid clumping (see Figure 4); visual inspection was performed to assess
the randomness of the fibers throughout the soil. Based on previous research [68], the
following fiber content values were selected: 0.005%, 0.02%, 0.1%, and 0.5% for PET fibers
and 0.1%, 0.3%, and 0.5% for PP fibers. Higher fiber content makes mixing with soil difficult.
As a baseline reference, samples without fibers were also prepared.

Tensiometer

18 cm

Figure 4. Preparation of samples.
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Following the methodology proposed by Colina and Roux [25] regarding the minimum
aspect ratio of specimens to induce cracks while minimizing scale effects, samples 2 cm
thick and 28 cm long were prepared with an initial surface area of 504 cm? (Ai).

3.4. Desiccation in the Environmental Chamber and Suction Measurement

The experiment for this study was conducted in a 1.0 m x 1.0 m x 1.5 m acrylic
environmental chamber equipped with the following devices (Figure 5): air inlet and outlet
ducts connected to a humidifier and dehumidifier; sensors to measure the temperature
and relative humidity; scales for material weight control; an Olympus C-5050Z digital
camera manufactured by OM System, Spain, to obtain images during desiccation; and a
data acquisition system. The equipment was developed at the Universitat Politecnica de
Catalunya (UPC) and described in detail by Lakshmikantha et al. [69].

0 Ducts
9 Camera
9 Load cell

0 Soil sample
6 Desiccator

@ Tensiometers
e Temperature and RH

Figure 5. Environmental chamber.

The environmental chamber creates a dry atmosphere by lowering the relative hu-
midity around samples using a dehumidifier that removes humid air from one side of the
chamber and introduces dry air through the other side. The air is constantly in circulation
at the same temperature, so there is no heat loss during the process. During testing, the
average temperature (T) inside the chamber was 22 °C, and the average relative humidity
(RH) was 30% (see Table 3).

Table 3. Tested samples in the environmental chamber.

Fiber RH T
Code % % °oC
0.005%_PET 0.005 29.94 24.38
0.02%_PET 0.02 30.56 20.75
0.1%_PET 0.1 29.59 23.24
0.5%_PET 0.5 29.72 22.35
0%_PP 0
0.1%_PP 0.1
0.3%_PP 0.3 30 22
0.5%_PP 0.5

Each sample was placed in the environmental chamber, and parameters such as their
weight, the relative humidity, and chamber and soil temperatures were recorded throughout
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the drying process. Photographs were taken every hour to systematically monitor the effect
of the gradual loss of water content on the samples.

During the PP fiber-reinforced soil drying, a complementary suction measurement
analysis was performed combining a tensiometer (up to 100 kPa) and dew point hygrometer
WP4C soil water potential instrument measurements (below 100 kPa) (Figure 6).

(a) (b)
Figure 6. Suction measurement: (a) with tensiometers inside the chamber; (b) with WP4C.
3.5. Image Analysis

Qualitative and quantitative analyses of the crack and shrinkage morphology were
performed using Image] software version 1.53c. Image processing included the following
steps, as illustrated in Figure 7: initial preparation, thresholding, scaling, and measurements.

Adjust the image 8-bit scale

C
s I
[ml{e] wINAL|A L ] o] s8] >

R I
ol ol /£l Aol Al ol ol s8] |=

Scale and measurement v Thresholding

Figure 7. Image analysis process using image J.
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The initial preparation phase was conducted to convert each original color image
to an 8-bit grayscale image. This was essential for image segmentation to separate the
cracks from the rest of the area while facilitating image edge detection. To address potential
shadows from uneven illumination, two simple methods were used to distinguish cracks
from unfractured areas: (a) eliminating smooth backgrounds and (b) applying a blur filter
to improve edge definition by subtracting a smoothed version from the original image.

The second step was to convert the grayscale image to a black and white image using
binary procedures to separate the cracked and non-cracked cells. Generally, an object pixel
is assigned a value of “1”, whereas a background pixel is assigned a value of “0”. The
individual pixels in a grayscale image are marked as “object” pixels if their value is within
the threshold range (considering that an object is brighter than the background). If not,
they are marked as “background” pixels.

Finally, the crack and shrinkage metrics selected for this study were measured, and
qualitative and quantitative analyses were performed using the scaled images; the metrics
analyzed included the crack length (CL), initial area (Ai), shrinkage area (As), reduced area
(Ar), and cracked area (Ac) (see Figure 8). Based on these metrics, the indices defined in
Table 4 were calculated. For this work, it was proposed to calculate the average crack width
(CWaw), as indicated in the same table.

(@) (b) (©)

Figure 8. Metrics from the images: (a) initial area, Ai; (b) shrinkage area, As (in black), and reduced
area, Ar (in white); (c) area with cracks, Ac.

Table 4. Determination of parameters for assessing cracking and shrinkage.

Parameter Equation
Crack intensity factor [15] CIF = Ac x 100/ Ai
Total crack intensity factor [34] CIFtot = (Ac + As) x 100/ Ai
Crack intensity factor * [36] CIF * = Ac x 100/ Ar
Average crack width CW,y = Ac/CL

4. Results and Discussion
4.1. Conditions of Induced Desiccation

Figure 9 shows the environmental conditions during desiccation for the soil sample
with 0.1% fiber. Soil temperatures (T soil) were slightly higher (1 to 1.5 °C) than those in
the chamber (T chamber), due to heat transfer from the air in the chamber to the soil. The
average temperatures for the other samples ranged from 20 to 23 °C in the chamber and
from 21 to 24 °C in the soil. As specified in the experimental design, the relative humidity
(RH) was maintained at 30%.
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Figure 9. Verification of the environmental conditions in the chamber.

Figure 10 shows the loss of water over time as a function of the amount and type of
fiber in the soil. Two stages were identified during the evaporation process: in the first
one, there is a constant rate of water loss up to about 5% water content in the soil. The
inflection point occurs after 60 to 70 h of drying, and a second stage begins with a residual
nonlinear decay of the water loss rate. Volumetric and cracking changes in the samples
were observed during the first stage.

40.00
—0%
35.00
0.1%_PP
3000 —03%_PP
25.00 —05%_PP
& 2000 —0.005%_PET
3
—002%_PET
15.00
—0.1%_PET
10.00
—05%_PET
5.00
0.00
0 20 40 60 80 100 120

Time (hr)
Figure 10. Effect of the PET and PP fiber content on desiccation over time.

The sample with 0.005% PET fiber dried even faster than the unreinforced soil, while
the soil with 0.5% PET fiber showed the slowest drying process. This is a great advantage
because the slower the drying process, the less likely that cracking will occur.

4.2. Visual Assessment during Desiccation: Qualitative Analysis

By monitoring the samples in the environmental chamber, it was possible to observe
the progression of cracking as a function of time, suction, water loss, and fiber content.
Figures 11-13 show the effect of the addition of recycled PET and PP fibers in controlling
crack initiation and propagation in the soil samples, compared to unreinforced soil.
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Figure 11. Cracking process of unreinforced soil.
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Figure 12. Desiccated PET soil samples.
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Figure 13. Desiccated PP soil samples.

Through representing the soil in a 2D plane, it was possible to visualize the crack
patterns and their distribution, facilitating the identification of the key parameters defined
in this study for crack and shrinkage characterization. In addition, the aspect ratio of the
specimens used in this work to induce cracking while minimizing scale effects involved
very small thicknesses compared to the surface area of the specimens, which helped reduce
the dimensionality of the analyses from 3D to 2D.
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The volumetric shrinkage process can be seen along the edges formed at the interface
between the specimens and the molds. Shrinkage progressed over time and was most
pronounced in samples with 0.1% or less fiber content. This phenomenon suggests that
the influence of edge conditions on the shrinkage of low-fiber-content samples should be
considered in future studies.

The unreinforced soil showed crack initiation after 16 h when it had only 6% water loss.
In contrast, soil mixtures with PET fibers, even in the samples with the lowest fiber addition
(0.005%), managed to effectively prevent crack formation during the same drying period.

Another qualitative feature relates to the crack patterns and networks observed in the
samples with some degree of cracking (0.005% and 0.01% PET fiber and 0.1% PP fiber),
which showed small cracks at the corners and the formation of two rectangular polygons.
Since the unreinforced soil exhibited a complex, interconnected crack network containing
12 irregular polygons, it can be concluded that even at the lowest percentages of fibers, an
efficiency of 83% was achieved in limiting crack interconnection and block formation. The
morphology of the crack patterns developed in the low-fiber-content specimens suggests
that the behavior may be conditioned by the width-to-length ratio of the specimens; this
issue requires more in-depth research on the effects of edges.

The greatest effectiveness in preventing cracks in the soil was observed in samples
with 0.1% and 0.5% PET and 0.3% and 0.5% PP fiber content, as no cracks were observed
during the entire drying process. However, the greatest benefit in simultaneous shrinkage
control was achieved with 0.5% PET and 0.3% PP fiber. The difference in the optimum fiber
content may be due to the sizes of the fibers and their scaling effects. It should be noted
that the fibers maintained contact with the soil throughout the drying process and did not
fail, i.e., the tensile strength of the fibers was not exceeded, regardless of their size.

4.3. Effect of Plastic Fibers on the Quantitative Parameters of Soil Cracking and Shrinkage

Based on the procedure described in Section 3.5, the parameters defined in Figure 8
were measured, and the indices listed in Table 4 were calculated for all samples.

For the unreinforced soil, the crack network reached a total length of 100 cm between
24 and 72 h. Although progress stopped at this point, a slight increase in the crack opening
was observed, reaching 0.5 cm by the end of the experiment. These results are closely
related to those obtained by Lakshmikantha et al. [37], who obtained CL values of 112.5 cm
and CWav values of 0.7 cm on samples with a 625 cm? surface area and 2 cm thickness.

Alternatively, the ratio of lengths to widths obtained in this study was approximately
7 to 1 compared to those reported by Colombi et al. [38] for compacted fine-grained soils,
which contrasts considerably with the surface ratio of 28 to 1 between the samples of both
studies (500 vs. 18 cm?). These values demonstrate the combined effects of the sample size
and degree of compaction of the soils. In this sense, our study offers certain advantages,
since it is expected that the larger the observation area, the greater the representativeness
of the observed phenomena and the smaller the scale effect.

Another relevant issue in unreinforced soil is the increase in the drying rate between
48 and 72 h, which is the period over which cracks are developed. Certainly, crack walls
were exposed to the chamber environment, increasing the area exposed to drying, resulting
in greater water loss. This finding also contrasts with those of Cuadrado et al. [60], who
argued that cracking does not change clay evaporation rates.

As for the reinforced soil samples, the metrics obtained to quantify the effects of plastic
fibers are highly consistent with visual observations in terms of 100% crack prevention
efficiency for 0.1% and 0.5% PET and 0.3% and 0.5% PP fiber content, by weight.

Figure 14 shows the progression of the crack length (CL) over the drying period and its
relationship with the average crack width (CWav). Even with the addition of just 0.005% or
0.02% PET fiber, the benefits of preventing cracking in fine-grained soils are evident: crack
initiation is delayed, and the total crack length decreases from 100 cm (unreinforced soil)
to less than 29 cm (reinforced soil), while the average width decreases to less than 0.3 cm.
This indicates an efficiency of up to 70% at decreasing crack progression and 46-72% at
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reducing crack opening. The crack control efficiency was 100% for the samples not shown
in the graph.
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Figure 14. Progression of crack length and width.

Regarding the areas calculated from the images, marked decreases are evident in the
shrinkage area (As) and crack area (Ac) as the fiber content increases, as shown in Figure 15.
In unreinforced soil, the shrinkage and crack area were 59 cm?, whereas at a fiber content
of 0.5%, these areas were reduced to 27 cm? (55%) with PET fibers and to 22 cm? (63%) with
PP fibers.

70
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m Acfinal
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5

Area (cm?)
8

Figure 15. Variation in the cracked (Ac) and shrinkage (As) areas.

Although the effect of the fibers on limiting the cracked area (Ac) during desiccation
is evident, the response of the reinforced material is very interesting as it shows higher
shrinkage areas (As) at the edges than in the unreinforced soil. This behavior can be
explained by the development of higher internal tensile strengths due to the fiber—soil
interaction compared to those generated at the material-mold interface.

Regarding the metrics that relate the cracked areas to the surface of the specimens, it
is important to note that no significant difference was observed between the CIF and CIF*
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parameters, which varied between 0% and 2% for reinforced soil, with maximum values
close to 8% for unreinforced samples, demonstrating the success of PET fibers in limiting

soil cracking.

Since the measured crack areas are very small, the CIFtot index provides a valuable
approach by combining the shrinkage area of the samples with the crack area. As illustrated
in Figures 16 and 17, the CIFtot decreases as the fiber content increases: from 11.8% in
unreinforced soils to 5.5% in PET-reinforced soil, and to 4.5% with PP inclusion; again, the
greatest benefit in surface integrity was obtained with 0.5% fiber. It can also be observed
that the reinforcement allowed the soil to withstand higher levels of desiccation before

shrinkage and cracking occurred.
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Figure 16. Variation in total crack intensity factor with fiber content.
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Figure 17. Variation in total crack intensity factor during desiccation.

As further validation, we found that the CIFtot value obtained for the unreinforced
soil (11.8%) was very close to the 12.7% obtained by Lakshmikantha et al. [33] for 625 cm?

samples of the same soil.
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An integral analysis of the results obtained indicates that the addition of recycled
plastic fibers to the studied soil considerably influences the cracking patterns in terms of
length, opening, crack area, propagation speed, and connectivity to form networks. In
general, these parameters improved with increasing fiber content, showing high efficiency
in reducing desiccation cracking and shrinkage, especially at 0.5% PET and PP fiber contents
by weight.

4.4. Effect of Plastic Fibers on the Soil Retention Curve

One of the most characteristic phenomena of the behavior of unsaturated soil is
related to the volumetric deformations when the degree of saturation (Gw) changes. These
volumetric deformations are also related to the increase or decrease in soil suction.

Since incorporating fibers could promote changes in both the void ratio and the suction
values of the fiber-reinforced soil, suction measurements were performed with tensiometers
and WP4C devices for soil-PP fiber samples. The combination of the two methods used to
measure suction provided reasonably continuous and consistent retention curves as shown
in Figure 18.
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Figure 18. Variation in suction during desiccation.

It can be observed that the differences in the suction curves of natural soil and soil
reinforced with different concentrations of PP fibers are not significant. This behavior is
consistent with that observed by Puppala et al. [9] for soils reinforced with similar fibers.
Although we cannot rule out the possibility that synthetic fibers have a slight effect on soil
suction, this variation does not appear to have a significant effect on the cracking behavior
of the soil under the conditions studied here.

The fact that the soil retention curve remains unchanged with the addition of fibers
to the soil simplifies the correlation between variables governing cracking in fine soils
reinforced with plastic fibers. Furthermore, the initiation of cracking in samples with fibers
occurs under the same conditions of water content and suction as those without fibers. This
also could imply that there is no significant variation in the hydraulic parameters of the
soil with synthetic fibers, but further studies should be carried out to verify this.

4.5. Environmental Benefits and Considerations for Recycled Plastic Fiber Soil Reinforcement

The potential for the practical application of recycled plastic fibers in geotechnical
engineering projects involving soils susceptible to cracking was finally assessed in this
study, thereby expanding both the usable volume on a large scale and the impact on the
mitigation of the effects of plastic waste on the environment.
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Considering that the optimal content of plastic fiber to be added to the soil is 0.5% by
weight and that the dry unit weight of the tested soil is 17.8 KN/m?, it is estimated that
8.9 kg of fiber would be required to reinforce 1 m3 of soil. To produce this amount of fiber,
9.9 kg of bottles would be recycled, as 1 kg of bottles is needed to produce 0.9 kg of fiber.

In addition, two examples of geotechnical applications of soil fiber reinforcement
are presented here to provide a quantitative idea of the benefits of plastic recycling. The
demand for fiber and its environmental benefits increases with the thickness of the soil and
the area to be reinforced. The examples are as follows:

(a) Roadway subgrade reinforcement: It is estimated that 14.2 tons of plastic fiber
would be required to improve the tensile response of a 0.2 m thick subgrade layer for an 8
m wide, 1 km long road.

(b) Slope erosion control: for a slope that is 10 m high and 100 m long, assuming a
thickness of 0.2 m of soil to be reinforced, 1.8 tons of PET fiber would be required.

Furthermore, the benefits of recycling plastics for fiber production are significant
in reducing the carbon footprint compared to other methods of managing plastic waste.
For example, the plastic needed to make the 14.2 tons of fiber to reinforce 1 km of road
subgrade would emit 4.8 tons of COse in fiber production, 22 tons if incinerated, and
15.8 tons if landfilled.

As large-scale application is achieved, the benefits of recycling PET and PP bottles into
fibers will become more significant in both plastic waste management and problematic soil
control for engineering applications.

Finally, the use of recycled plastic fibers for soil reinforcement and solving the geotech-
nical problem as addressed in this work is in line with three of the Sustainable Development
Goals (SDGs):

(i) Goal9 seeks to build resilient infrastructure, promote sustainable industrialization
and innovative designs for durable solutions, and develop more efficient recycling
methods and material specifications.

(if) Goal 12 is to ensure sustainable consumption and production. Reusing plastic reduces
the need for new raw materials in both soil stabilization and plastic manufacturing,
helping to conserve non-renewable natural resources (target 12.2). Additionally,
target 12.5 aims to significantly reduce waste generation through the prevention,
reduction, recycling, and reuse of materials and products. Hence, recycling plastics to
produce fibers reduces solid waste and pollutants by diverting them from landfills or
incinerators.

(iii) Goal 13 is to take action to combat climate change and its impacts. Soil reinforcement
with recycled plastic fibers strengthens the ability to adapt to drought-related hazards
and their effects on infrastructure.

5. Conclusions

The result of this study is a strategy to address two aspects of current interest: the
mitigation of problems generated by soils susceptible to cracking due to intense and
prolonged droughts and the management of the life cycle of plastic waste.

5.1. Effectiveness of Recycled Plastic Fibers in the Reduction of Soil Cracking and Shrinkage

It can be observed that the fibers significantly limit desiccation cracking in the soil-fiber
system. This effect was most pronounced at 0.1% and 0.5% for PET fiber and 0.3% and
0.5% for PP fiber, as no cracks developed during the observation period, showing 100%
effectiveness in preventing cracking.

Regarding the crack patterns and networks observed, it can be concluded that even
at the lowest percentages of fibers, an efficiency of 83% was achieved in limiting crack
interconnection and block formation. The morphology of the crack patterns developed
in the low fiber content specimens suggests that the behavior may be conditioned by the
width-to-length ratio of the specimens.
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In relation to the volumetric change due to lateral shrinkage of the specimens (As),
the progression over time was more evident in reinforced samples, especially at low fiber
contents, than in the unreinforced soil, apparently due to the development of higher
internal tensile stresses from fiber—soil interactions than those generated at the material—-
mold interface.

The following comments can be drawn from the integral analysis of the metrics studied.
(a) The CIFtot index was the most valuable metric for evaluating the effect of soil fiber
reinforcement because it combines the shrinkage area with the crack area of the specimens.
(b) No significant difference was observed between the CIF and CIF* parameters. (c) The
Acand CL are very relevant to the extent that the cracking is higher; in addition, they allow
the estimation of the CWav.

Based on the integral analysis for all samples, we can conclude that the best overall
performance in terms of limiting both cracking and shrinkage is achieved with 0.5% recycled
PET and PP fiber content by weight. Therefore, the methodological strategy employed
in this study, based on imaging, allowed for the determination of the optimal amount of
recycled plastic fibers to effectively inhibit cracking in fine-grained soils.

Notably, the software tools for the analysis of the digital images of the soil-fiber
specimens were successfully applied in this study. Their use allowed the identification of
qualitative morphological features and the quantification of geometric parameters of the
cracks as a function of time, fiber content, and the water loss in the soil-fiber system.

5.2. Suction Behavior of Reinforced Soil

During the desiccation tests, an important parameter was evaluated: the determination
of the water retention curve of PP fiber-reinforced soils to evaluate the effect of fibers on
the suction properties. The results obtained show that, although synthetic fibers appear to
have a slight effect on soil suction, this variation does not appear to have a significant effect
on the cracking behavior of the soil under the conditions studied here.

5.3. Environmental Benefits

Considering that the disposal of plastic waste generates greenhouse gases that con-
tribute to global warming which, in turn, accelerates soil desiccation, the reuse of plastic
containers is a way of compensating and positively impacting the fight against climate
change to achieve net zero by 2050.

We found that 8.9 kg of plastic fiber would be needed to reinforce 1 m3 of the clay soil
studied, which would require the recycling of 9.9 kg of bottles. For the two geotechnical
applications proposed, we estimated that to reinforce 1000 m? of slope and 8000 m? of road
subgrade, 1.8 tons and 14.2 tons of fibers, respectively, would be required (assuming 0.2 m.
thickness). To produce the last amount of fiber, 4.8 tons of CO,e would be emitted in the
fiber production process, while incineration would emit 22 tons of CO,e, and landfilling,
15.8 tons. Therefore, the reduction in carbon footprint is also significant compared to other
methods of managing plastic waste. The environmental benefits in terms of plastic reuse,
waste generation, and gas emission reduction would be greater as the area and thickness of
the soil increase.

Finally, the study carried out here can be linked to the Sustainable Development Goals,
as set out in Section 4.5.

6. Recommendations

Based on our findings and existing research, some areas for improvement and innova-
tion are presented in this section for future research on cracking behavior and volumetric
changes in reinforced soils:

(@) The optimum fiber content was determined through image analysis in terms of the
maximum efficiency in crack reduction and volumetric changes. It is necessary to
complement this with conventional tests to verify that the reinforced soil provides
high-density and strength properties.
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(b) Investigating soils over a wide range of plasticity indices is important, since soil
plasticity is a critical factor in determining the behavior of fine reinforced soils.

(¢) We observed that shrinkage progressed with time and was most pronounced in sam-
ples with low fiber content. Therefore, the influence of edge conditions on shrinkage
should be thoroughly investigated.

(d) Inour qualitative evaluation of the samples, fiber size showed some relevance. There-
fore, fiber size and the scaling effect should be addressed in more detail.

(e) While 2D imaging provides valuable information and simplifies dimensionality, it does
not fully capture the three-dimensional features of soil cracking for more complex
analyses, such as pore size and distribution with fiber size, length, and content.
Therefore, further efforts should be made to develop more advanced 3D analyses for
a more complete representation of fiber-reinforced soil behavior.

(f)  The results obtained from the suction measurements suggest that despite the structural
change of the soil due to the interaction between the particles and the fibers, there is
no appreciable change in the hydraulic parameters of the plastic fiber reinforced soil,
but further investigations are needed to confirm this.

(g) Werecommend full-scale physical modeling in natural soil exposed to natural environ-
ment in instrumented field tests. This extension would allow the inclusion of larger
soil fiber masses to study the influence of other parameters on stresses, deformations,
and soil cracking: compaction, suction, edge effects, depth, and weather parameters.
For these field tests, it is suggested to follow the recommendations on fiber addition,
mixing, and compaction methods that have been found to be satisfactory in providing
a reasonably random distribution of fibers in other types of soils [45,70-72].

(h) Finally, studies should be conducted to evaluate the potential adverse effects of
synthetic fibers as soil reinforcement. For example, future investigations of plastic-
modified soils should consider testing for water leachability.
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