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Abstract: This study investigates the role of polypropylene fibers (PFs) in mitigating the
combined effects of wet-dry (W-D) cycles and vibration event (VE), such as earthquakes or
machine vibrations, on the desiccation cracking and mechanical behavior of clay through
model tests. A comprehensive experimental program was conducted using compacted clayey
soil specimens, treated with various PF percentages (0.2%, 0.4%, 0.6%, and 0.8%) and
untreated (0%). These specimens were subjected to multiple W-D cycles, with their behavior
documented through cinematography. Desiccation cracking and mechanical responses were
evaluated after each W-D cycle and subsequent VVE. Results indicated that surface cracking,
quantified by morphology and crack parameters i.e., crack surface ratio (Rsc), total crack length
(Lt), and crack line density (D), increased with progressive W-D cycles. Higher PF content
in soil significantly reduced desiccation cracking across all W-D phases, attributable to the
enhanced tensile strength and stress mitigation provided by the fibers. Following VE, surface
crack and fragmentation visibility decreased due to the shaking effects, as indicated by
reductions in Rsc and D¢. However, Ly increased slightly, suggesting either crack persistence
or lengthening. Higher PF content resulted in a more substantial reduction in Rsc and D¢ and a
smaller increase in Ly after seismic shaking. W-D cycles led to increased cone index (Cl)
values, reflecting enhanced compactness due to shrinkage which enhances with PF content
showing improved soil resistance to loading. Meanwhile, seismic shaking reduced CI values
following W-D cycles, particularly in near-surface layers, PF content mitigates this reduction,
demonstrating that PF contributes to a more stable soil matrix. Also, PF content decreased the

soil deformation under W-D cycles and subsequent VE.

Keywords: desiccation cracking, mechanical behavior, deformation behavior, wet-dry cycles,

vibrations



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

1. Introduction

Clayey soils, characterized by their hydrophilic mineral composition, are commonly
encountered in scenarios that impact ground stability and clay-based building materials. Clay
is a fundamental material in building construction due to its widespread availability and
versatility, its performance under varying environmental conditions requires further
exploration to enhance infrastructure resilience. These minerals exhibit significant volumetric
changes in response to moisture fluctuations, leading to pronounced deformations. Such
volumetric instability of clayey soils results in extensive damage to civil engineering structures,
thereby compromising their integrity and stability [1]. This problem is further intensified when
these soils are subjected to complex loadings and climatic conditions [2,3]. Consequently, the
design of earthworks involving such soils must carefully consider these adverse effects and

implement effective mitigation strategies.

Extensive research has highlighted that wet-dry (W-D) cycles can severely impair critical soil
properties such as shear strength, permeability, and infiltration capacity, thereby compromising
soil structural integrity [4,5]. One of the most significant issues associated with volumetric
changes in clayey soils due to moisture variation from W-D cycles is cracking [6]. Clays are
particularly prone to cracking during desiccation because the tensile stress developed within
the soil matrix can exceed its inherent tensile strength [7]. The consequences of desiccation
cracking extend across various fields, including construction, engineering geology, and
agriculture [8]. To address this issue, numerous treatment methods have been proposed, with
one common approach being the incorporation of cementing additives or fibers to enhance the
tensile strength of the clayey soil matrix and mitigate desiccation cracking [9,10]. However,
practical considerations for ground stabilization can be more complex. For example, regions

susceptible to moisture variations due to climatic conditions, which induce cyclic W-D
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environments, may also experience vibration events (VES), e.g., earthquake [11]. Additionally,
VEs include shaking induced by man-made vibratory sources, e.g., machines, moving vehicles,
and railways. VE can further exacerbate cracking and increase deformation in affected soils,
necessitating a more comprehensive strategy for mitigating both desiccation cracking and
dynamic failures due to VE [3,12]. However, the literature review revealed a significant gap in
analyzing soil stabilization of clayey soils, particularly in addressing the mitigation of
desiccation cracking under the influence of climatic variations due to W-D cycles and the

combined impact of VE.

Fiber reinforcement in clay has been identified in previous studies as an effective strategy for
enhancing tensile strength and ductility. The increase in tensile strength helps in mitigating the
crack formation by counteracting the tensile stresses induced by W-D cycles within the soil
matrix. [13-16]. The fiber reinforcement has been found to have the potential to reduce the
average width, total length, and connectivity of soil cracks, thereby improving soil integrity
[17,18]. Additionally, the improvement in ductility due to fiber reinforcement enhances the
soil's resistance to sudden loading, such as that experienced during earthquakes or vibration
events, as demonstrated in past research [16]. Considering this, polypropylene fibers (PFs) are
envisaged to play a crucial role in construction, particularly in mitigating desiccation cracking

and enhancing soil resistance to dynamic forces [19].

Polypropylene fibers (PFs) are widely recognized for their effectiveness in soil reinforcement
due to their cost efficiency, availability, and resistance to environmental conditions [20-23].
Meanwhile, polypropylene waste poses a significant environmental threat, contributing to
long-term ecosystem degradation and persisting in the environment for centuries. Recycling
polypropylene waste as PFs in the construction industry for soil reinforcement presents a

sustainable solution, helping to mitigate plastic waste accumulation, which currently stands at
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approximately 260 million tonnes annually and is projected to reach 460 million tonnes by
2030. Previous studies have evaluated PF-reinforced clay under wetting-drying conditions
using small-scale thin samples to assess its long-term performance [10,17,24]. These studies
have demonstrated the effectiveness of PF in mitigating formation and extent of desiccation
cracking. However, past research has primarily focused on crack formation analysis in PF-
reinforced clay, with limited emphasis on the crack-influenced strength characteristics of PF-
stabilized soils, which is critical from a geotechnical design perspective. Furthermore, the
effectiveness of polypropylene fiber-reinforced clay (PFRC) in addressing both desiccation
cracking and strength behavior within the complex interplay of W-D cycles and VE in
compacted soil has not been investigated. This gap largely stems from the challenges associated
with experimentally simulating these combined conditions. Meanwhile, the simultaneous
effects of W-D cycling and VE are of significant concern in earthquake-prone regions and areas
subject to machine-induced vibrations, particularly where cyclic moisture variations occur due
to climate change or seasonal fluctuations. Thus, quantifying the behavior of PF-reinforced soil
under these dual environmental and dynamic stressors is crucial, as it provides valuable insights
into the resilience of PFRC and informs practitioners about its applicability in sustainable and
resilient infrastructure. Although a few previous studies have explored PF-reinforced soil
stabilization under cyclic W-D conditions, no research has comprehensively examined the
twofold effects of W-D cycling and VE on the desiccation cracking and mechanical behavior
of PFRC. This study addresses this gap by evaluating the coupled influence of these
environmental and dynamic loading factors, offering new insights into the long-term stability
of fiber-reinforced soils under realistic field conditions. The findings contribute to optimizing
soil stabilization techniques for infrastructure exposed to both climatic variations and

mechanical vibrations.
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Considering the foregoing discussion, this study focuses on evaluating the effects of PF under
W-D environments, in conjunction with VE, on desiccation cracking and mechanical behavior
of clayey soil. This study seeks to address the identified research gap through a comprehensive
experimental investigation using a meticulously designed physical model. Large, thick,
compacted specimens, prepared with varying percentages of PF, are subjected to W-D cycles
and simulated VE to accurately replicate the coupling of W-D environments and VE for
naturally compacted soil. Surface crack patterns, strength parameters, and deformations are
systematically measured throughout the W-D cycles and following VE. Additionally, Vernier
caliper arrangements and Military Engineering Experimental Establishment (MEXE) cone
penetrometer (MCP) tests are conducted to assess the impact of desiccation cracks on the
strength and deformation of the PFRC. Through a thorough investigation of these factors, this
study provides significant insights into the performance of PFRC in the complex interactions

between W-D climates and VE, with respect to soil cracking and mechanical behavior.

2. Materials and methods
2.1. Materials

2.1.1. Selected Soil

This study used clayey soil with physical and chemical properties typical of soil undergoing
desiccation cracking for stabilization using PF, selected from the Chenab River plain, located
in the Punjab province of Pakistan, near Gujranwala. The area's geology is largely defined by
alluvial deposits, which are recognized for containing fine-grained soils with a wide range of
plasticity [25,26]. The clay's detailed physical properties are listed in Table 1. The grain size
distribution curve demonstrate that soil has predominant fraction of fine particles having size
less than 0.075 mm (Fig. 1a). According to the Unified Soil Classification System (USCS),

the soil is classified as lean clay (CL), based on its grain size distribution and consistency limits.
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The soil's composition includes 38.10% clay fraction, 56.60% silt fraction, and 5.30% sand
fraction. The liquid limit (w.) and plasticity index (lp) were determined to be approximately
44.50% and 20.25, respectively. Moreover, the dominant oxides in the selected clay sample
include silicon dioxide (SiO2) at 55.58%, aluminum oxide (Al2O3) at 24.53%, and iron oxide
(Fe203) at 4.25%. These oxides are associated with active clay minerals that often exhibit
significant swell-shrink behavior [27]. They play a crucial role in the soil’s expansive
properties. Their presence influences the soil’s interaction with moisture variations and
mechanical stresses. The compaction curve was drawn through standard proctor test shows that
soil has a maximum dry density (ysmax) and optimum moisture content (Wopt) Of 15.85 KN/m?®
and 17.60%, respectively (Fig. 1b). The physical and chemical characteristics of the soil
indicate that the selected clayey soil could undergo volume and strength changes under

moisture variations, making it suitable for the current study.

2.1.2. Polypropylene fiber (PF)

Polymerized-Olefin PFs were sourced for this study (Fig. 1c). The procured PFs are
hydrophobic and chemically inert, ensuring that they do not interact with or absorb soil
moisture; thus, their interaction with soil is of a physicomechanical nature [28]. The detailed
properties of PF are illustrated in Table 2. PF has a blended length between 5-6 mm with
diameter of around 10 um. PF has a tensile strength of 472 MPa, demonstrating its potential
for durability by resisting mechanical degradation. Additionally, its melting point of 162°C and
ignition temperature of 593°C indicate thermal stability, while its alkali and acid resistance
ensure chemical stability. These properties collectively suggest that PF fibers can effectively
resist degradation and maintain their reinforcing function in soils subjected to cyclic moisture

variations and loads. The PF content varied from 0.0% to 0.8%, with increments of 0.2% by
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weight of soil for each trial, following the approach outlined in the literature on fiber-reinforced

clay [29].

2.2.  Specimens remolding

After field collection, the natural clay samples underwent a detailed specimen preparation
process to ready them for testing. The clayey samples were first dried in an oven at 60°C to
remove all moisture. After drying, the clay was pulverized to eliminate any lumps and then
passed through a No. 4 sieve to ensure a consistent particle size distribution, which is key for
uniform compaction and testing. PFs were then mixed with dry soil and thoroughly blended to
ensure uniform distribution before adding water. This dry mixing process prevented fiber
clumping and ensured even dispersion throughout the soil. For treated samples, the soil was
combined with water and PF at varying concentrations of 0.2%, 0.4%, 0.6%, and 0.8% to
ensure an even mixture. The soil was thoroughly mixed with water to achieve a homogeneous
consistency. This pre-wetting process is critical for achieving uniform water distribution within
the soil, which impacts the compaction and mechanical properties of both treated and untreated
soils. The pre-wetted samples were then sealed in plastic covers and left to equilibrate for at
least 24 hours, ensuring the moisture was evenly distributed throughout the soil matrix,
essential for accurate and reproducible compaction results (Fig. 2 (step 1)).

After equilibration, the specimens were readied for remolding. The pre-wetted soil was
subjected to dynamic compaction using a hammer within a custom mold. The compaction
process was carefully managed to achieve the required sample thickness of 101.6 mm. This
step is crucial, as the level of compaction directly affects the mechanical properties and
behavior of the soil under testing conditions. It is noteworthy that the prepared specimens were
subjected to VE on the shaking table with imposed boundary conditions that accurately

simulated continuous constraints viable for cracking and seismic shaking of soil specimens
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[30]. These boundary conditions ensured that the specimens were held securely throughout the
shaking process, allowing for precise simulation of VE and reliable measurement of the soil's
response. The detailed procedure for specimen remolding is depicted in Fig. 2 (step 1). The
prepared specimens were then subjected to W-D cycles and VE, during which various
measurements and tests were conducted. A detailed test matrix for this study is presented in

Table 3, providing a comprehensive overview of the experimental conditions and parameters.

2.3.  Design of mold and shaking table

The dimensions of the mold to prepare the compacted soil specimen of 101.6 mm thickness for
W-D Cycles and subsequent testing were 187.96 mm by 187.96 mm by 203.2 mm. Following
the W-D cycles, this mold was placed in an outer frame, sized 254 mm by 254 mm by 304.8
mm, which had 12.7 mm springs installed around the edges to function as a damping system
representing the boundary conditions for soil specimen that accurately simulated continuous
constraints allowing for precise simulation of VE following [31,32], and reliable measurement
of the soil behavior, as illustrated in step 4 of Fig. 2 and Fig. 3. The outer frame was then
attached to a 1D shaking table capable of simulating VE with uniaxial motion, as also depicted
in step 4 of Fig. 2 and Fig. 3. The specifications of the shaking table are detailed in Table 4.

W-D cycles

Two consecutive W-D cycles were conducted on various specimens to assess the impact of
climatic variations on crack propagation and mechanical properties. The W-D procedure was
based on the methodologies outlined by [33] and [34]. During the wetting phase, each specimen
received 250 ml of de-aired water, followed by sealing with plastic wrap for 24 hours to achieve
even moisture distribution. After removing the plastic wrap, the specimens were left to air dry
in a controlled environment set at 255 °C and 35£5% relative humidity. The first drying cycle

was considered complete once the specimen’s moisture content returned to its initial level (wo).
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Moisture loss was periodically monitored by weighing the specimens. This wetting and drying
sequence was repeated for two cycles, with each wetting stage consistently using 250 ml of de-
aired water. This methodology offers valuable insights into the behavior of clays subjected to
cyclic moisture changes, aiding in the understanding of desiccation crack formation and
mechanical responses. The W-D method used for the specimens is depicted in Step 2 of Figure

2.

2.4.  Cinematography: Image processing and cracks quantification

The crack propagation was recorded through the cinematography of the specimens. To
systematically manage the magnification and size of images for specimen photography, a
standardized setup was implemented (Fig. 3c). Images were taken from a constant height,
angle, and distance, with light intensity carefully controlled. A white backdrop was used around
the specimens to boost contrast and assist with image processing. Photographs were captured
from a top view after each W-D, as well as after VE, as shown in Fig. 2 (step 2). The analysis
of crack patterns involved using Imagel) software to process these images. The detailed
methodology for processing images and quantifying crack patterns is presented in Figs. 2 (step
3) and 4.

The crack analysis included measuring parameters such as crack area (Ac), crack perimeter,
and total crack length (Lt) directly from the images. Li was derived by approximating the
distance between intersecting points after the image underwent skeletonization, as
demonstrated in Fig. 4. The Ac represents the total area of all cracks on the specimen.
Meanwhile, to objectively quantify cracking, the crack surface ratio (Rsc), also known as the
crack intensity factor (CIF), was calculated as the ratio of the Ac to the total surface area of the

soil specimen, indicating the extent of surface cracking. Meanwhile, the crack line density (Dci)

10
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was calculated to quantify the degree of surface fragmentation, which is the ratio of the total

crack perimeter to the Ac.

2.5. Selection of initial compaction state and vibration events

To determine the density and moisture conditioning of the specimens for evaluating the
performance of PF-treated soil, the impact of density was preliminarily assessed for untreated
specimens. The initial water content (wo) was selected on the wet side of the compaction curve
of the untreated soil, set at 18% to simulate wet conditions (Figure 1). Subsequently, three
initial dry densities (yq0) were chosen for evaluation, ranging from 13 kN/m3 to 16 kN/m?, in
increments of 1.5 kN/m?3. It was observed that after the second W-D cycle, a decrease in the yqo
resulted in an increase in Rsc, Dq1, and Ly, indicating a direct proportionality among desiccation
cracking and yqo (Figs. 5-6). Based on these findings, all soil specimens were prepared with an
Wo of 18% and an yqo of 14.5 KN/m?3. This selection was made to ensure that the testing matrix
was not exhaustive but still incorporated a reasonable high initial cracking condition.
Additionally, since an increase in yqo reduces cracking, a lower density than the ydmax was
selected to assess the performance of PF treatment effectively. The influence of yqo on
desiccation cracking is envisaged to remain directly proportional for PF-treated soil; therefore,

it was not included in the primary scope of this study.

Furthermore, to determine the VE in terms of Peak Ground Acceleration (PGA) for evaluating
PF-treated soil, the impact of different PGAs on untreated soil was quantified. Three PGA
levels, i.e., 0.3g, 0.7g, and 1.16g as shown in Fig. 7, were selected for a duration of 40 seconds
to match the seismic history of the region, covering medium to high seismicity and high range
of machine-induced vibrations [35-37]. The results indicated that the Rsc and D¢ decreased
while Lt increased with increasing PGA (Fig. 8). Thereby, for testing the PF-treated soil, the

shaking table was set to a reasonable worst-case excitation characterized by a PGA level of

11
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0.70g, lasting 40 seconds. Moreover, the impact of PGA is expected to be similar for PF-treated

soil, and thus, it was not considered as a variable in the primary scope of the study.

2.6. Mechanical performance tests

The MCP, employed in both field and laboratory settings, was used to measure the specimen’s
strength characteristics. This device measures the Cone Index (ClI), which serves as an indirect
indicator of the soil's load-bearing capacity, compaction quality, and strength. It is especially
effective for assessing cohesive soils, such as clays. In this study, the MCP testing was
conducted after each phase of W-D cycles and VE. The MCP setup for the test included a Cl
cone, a top rod, and three 150 mm extension rods, as shown in Figure 3d. The penetrometer
was inserted into a 101.6 mm thick soil sample to a depth of 76.2 mm, and CI measurements
were recorded at 25.4 mm, 50.8 mm, and 76.2 mm depths. Additionally, to further evaluate the
treated and untreated soils, deformation was assessed after each W-D cycle and VE. Moreover,
the deformation was measured using a Vernier caliper, a precise instrument capable of
measuring small dimensional changes with an accuracy of up to 0.02 mm. The calipers were
used to measure the initial dimension (dinitiar) and final dimension (dsina) Of the specimen after

exposure to the testing conditions. The deformation (%) was measured as follows:

Deformation (%) = (M) x 100 Q)
dinitial
3. Test results and discussions

3.1.  Desiccation cracking

3.6.1. Crack morphology analysis

Fig. 9 illustrates the desiccation cracking morphology of soil, both treated and untreated, across
varying stages of W-D cycles and the effects of VE on different soil specimens with PF of

0.2%, 0.4%, 0.6%, and 0.8%, as well as untreated soil (without PF). The impact of W-D cycles

12
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on crack propagation is evident in all specimens, with cracks becoming more prominent as the
cycles progress. The cracking becomes visible on the surface after the first drying cycle. This
behavior can be attributed to the development of desiccation cracks, primarily driven by the
increasing suction or tensile stresses occurring on the specimen surface during the drying
process. When tensile stress exceeds the tensile strength of the soil, desiccation cracks initiate
on the specimen surface, as observed during the first drying cycle [38]. As the W-D cycles
repeat for the second time, the cracks progressively widen and extend after the drying cycle
[39]. Furthermore, the application of VE after the second drying cycle demonstrates a reduction
in surface crack visibility, as shaking closes the cracks, thereby diminishing their surface

appearance.

Fig. 9 also demonstrates that as the percentage of PF increases, the occurrence of desiccation
cracking decreases compared to soils with lower PF percentages and untreated specimens. The
addition of fibers proves effective in reducing the extent of desiccation cracks and enhancing
the soil's resistance to cracking. This improved resistance can be attributed to the increase in
tensile strength imparted by the fibers. Incorporating small amounts of PF into the soil matrix
strengthens the bond and friction between the fibers and soil particles, thereby restricting the
relative movement of the fibers within the matrix [17]. Consequently, the fibers can bear a
portion of the tensile stress that develops during drying, thereby reducing the initiation of
cracks. These fibers also help to distribute tensile stresses more uniformly throughout the soil
matrix, thus lowering the probability of crack formation and propagation. This finding is
consistent with previous research studies [17,29], which have demonstrated that fiber
reinforcement enhances the mechanical properties of soil, including tensile strength and
resistance to desiccation cracking. Also, an increase in PF content enhances the effectiveness
of crack reduction following VE after W-D cycles. This also means that the VE does not

diminish the crack mitigation performance of the PF in a W-D environment. The analysis
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suggests that increasing the PF content in clayey soils is an effective strategy for mitigating
desiccation cracking, thereby improving the durability and stability of soil structures subjected

to adverse climatic conditions favorable to causing cracking.

The underlying mechanism governing desiccation crack formation and mitigation in PF-
reinforced soil observed in the crack morphology analysis involves an interaction between
tensile stress development due to W-D cycles, fiber reinforcement, and VE effects. During W-
D cycles, water loss increases matric suction, generating tensile stresses that, when exceeding
soil tensile strength, lead to crack initiation and propagation [39]. The incorporation of PF
gradually enhances soil tensile strength by improving interfacial bonding and friction, thereby
restricting crack formation and propagation. Additionally, VE excitation following W-D cycles
aids in closing surface cracks by redistributing stresses and soil mass, thereby reducing their

surface visibility.
3.6.2. Crack parameter analysis

To quantify desiccation cracking, Rsc, De, and Ly were analyzed in Figs. 10-12 for all
specimens subjected to different W-D cycles and subsequent VE. It was observed that Rs,
which directly indicates the extent of cracking, becomes prominent at the completion of the
drying cycle, with its magnitude increasing as the W-D cycles progresses (Fig. 10). Conversely,
Rsc slightly decreases from the drying phase upon the application of VE, suggesting a reduction
in surface crack visibility [8]. A similar response was noted for D¢, highlighting the role of W-
D cycles and their interaction with VE on the degree of surface fragmentation of cracked soil
samples (Fig. 11). Interestingly, the impact of W-D cycles on Lt was consistent with the trends
observed for Rsc, Dci, across all specimens (Fig. 12). However, after the application of VE
following the second drying cycle, L displayed a reverse trend, slightly increasing with the
application of shaking. This indicates that, although VE reduces apparent surface cracking and

the degree of surface fragmentation, the cracks retain or enhance their length [40]. This
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counterintuitive result can be attributed to stress redistribution and structural realignment under
vibrational stressor. Under VE, the compression or compaction of clay may narrow and reduce
the visible area of surface cracks. However, this process can also induce internal stresses that
potentially lengthen surface cracks. Despite the decreased visibility of surface cracks, their

lengthening can still contribute to the overall deformation of the clay.

The addition of PF was observed to reduce Rsc, Dci, and L during all W-D cycle phases,
indicating that PF contributes essential tensile strength that is lost due to desiccation cracking.
This effect becomes more pronounced with increased PF content (Figs. 10-12). Additionally,
PF aids in managing the stress redistribution impact of VE on cracks induced by W-D cycles,
with Rsc, De, and L consistently showing significantly lower values in treated samples
compared to untreated ones with increase in PF content. This means that PF not only further
reduces surface crack visibility but also diminishes the impact of VE on Lt by mitigating stress
redistribution and minimizing the potential for surface crack lengthening that could cause

ground deformation [41].

Overall, mechanistically, as W-D cycles progress, the extent of surface cracking in terms of
Rsc, Dei, and Ly increase due to repeated shrinkage and stress buildup. On the other hand, VE
reduces surface crack visibility and fragmentation by compacting the soil, but it also
redistributes stresses, potentially elongating cracks internally as depicted by increase in Lic.
The addition of PF mitigates these effects by enhancing tensile strength, restricting crack
initiation and propagation, and counteracting VE-induced stress redistribution. Higher PF
content leads to a significant reduction in Rsc, Dci, and L, effectively minimizing desiccation
cracking and preventing excessive deformation. These findings underscore the effectiveness of
PF in mitigating the combined effects of cyclic W-D conditions and VE, thereby enhancing the

resilience of infrastructure constructed on such soils.
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3.2.  Mechanical characteristics

3.2.1. Strength behavior

Fig. 13 illustrates the effect of different phases of W-D cycles and subsequent VE on the CI
values of untreated and treated soils at depths of 25.4 mm, 50.8 mm, and 76.2 mm. Across all
specimens and depths, CI increases as the W-D cycles progress. A similar trend is observed
during the subsequent wetting and drying phases, though the CI values are lower in the wetting
phase due to elevated moisture content. The increase in Cl with W-D cycles can be attributed
to the repeated shrinkage of soil particles during drying, resulting in pore space reduction,
densification, and hardening of the soil matrix. Each W-D cycle enhances soil compaction,
thereby increasing its resistance to cone penetration, as reflected in Cl values [25].
Additionally, VE after the second drying cycle reduces CI across all specimens and depths,
highlighting the effect of VE, which redistributes stresses and weakens the soil's resistance to
cone penetration. This reduction can be attributed to the loosening of the soil structure caused
by VE. Meanwhile, the percentage decrease in Cl before and after VE (ACIvg) is higher at
shallower depths and lower at greater depths, suggesting the influence of overburden and
desiccation cracking in the upper layers, which cause greater disruption of the soil structure

near the surface (Fig. 14).

The presence of PF was observed to significantly impact CI in all phases of the W-D cycles
across the depths (Fig. 13). Untreated soil exhibits lower CI values compared to PF-treated
specimens, and soils with higher PF content show larger CI values than those with lower PF
percentages in all W-D phases across all depth intervals. Furthermore, the increase in CI with
an increase in W-D cycles is more pronounced in soil specimens with higher PF content. This
enhancement is attributed to the fibers’ ability to reinforce the soil matrix, providing additional

tensile strength and resistance to cracking. The fibers bind the soil particles together, thereby
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improving the structural integrity of the soil. Despite the reduction in CI due to VE, PF-treated
soils maintain higher CI values than untreated soils, indicating that fiber reinforcement
provides resilience against seismic-induced weakening which increases with the increase in PF
content. This resilience is likely due to the fibers preserving soil integrity under dynamic
loading, thereby mitigating the structural degradation typically caused by VE [41].
Additionally, PF content reduces ACIve and minimizes the difference between upper and lower
layers, as higher PF content creates a more homogeneous soil matrix less prone to disruption
by stress redistribution due to VE (Fig. 14). These results underscore the interplay between W-

D cycles and VE on the mechanical behavior of the PFRC.

The underlying mechanism governing the variation in strength characteristics in terms of Cl in
PF-reinforced soil under W-D cycles and VE is summarized to be influenced by soil
densification, structural integrity, and stress redistribution. As W-D cycles progress, repeated
shrinkage and moisture fluctuations lead to soil compaction, reducing pore space and hardening
the soil matrix, which increases Cl. However, VE disrupts this densified structure by
redistributing stresses and loosening the soil, causing a reduction in CI, particularly in the upper
layers where desiccation cracking is more pronounced. PF content enhances soil tensile
strength and structural integrity by binding soil particles together, leading to higher CI values
across all W-D phases and depths compared to untreated soil. Despite VE-induced loosening,
PF-treated soils retain greater resistance to penetration due to their reinforced matrix, reducing

the AClIsg and creating a more uniform soil structure. The higher the PF content, the more
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effective the mitigation of VE-induced weakening, highlighting the role of fiber reinforcement

in improving soil resilience under both cyclic environmental and dynamic loading conditions.

3.2.2. Deformation behavior

Fig. 15 illustrates the deformation behavior of PF-treated and untreated soils, considering the
combined effects of W-D cycles and VE. The soil exhibits positive deformation (swelling)
during the wetting phase and negative deformation (shrinkage) during the drying phase.
Overall, deformation (i.e., swell-shrinkage %) decreases in the second W-D cycle compared to
the first, indicating the progressive stabilization of the soil matrix due to repeated moisture
fluctuations for all specimens. As the soil undergoes successive W-D cycles, particles become
more densified and reoriented, leading to a more stable structure with reduced volumetric
changes [42]. This observation is consistent with the enhancement in strength characteristics
associated with increasing W-D cycles. Additionally, VE affects deformation behavior, with
negative deformation (shrinkage) increasing after VE. This response to seismic loading,
characterized by heightened shrinkage, is attributed to the rearrangement of soil particles under

VE.

PF content was found to significantly influence the overall deformation (swell-shrinkage%)
potential. Increased PF content notably reduces positive deformation during the wetting phase,
thereby maintaining lower overall deformation throughout W-D cycles. This relationship
indicates that higher PF content provides enhanced reinforcement. PF improves soil stability
by increasing tensile strength and serving as a binding agent that interlocks soil particles. This
interlocking mechanism ensures more uniform stress distribution across the soil matrix,
effectively mitigating deformation and improving overall soil stability. Additionally, the

presence of PF significantly reduces post-SE deformation due to the reinforcing effect of fibers
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within the soil matrix, which limits stress redistribution and the impact of particle

rearrangement, thus controlling the extent of deformation.

Thus, the underlying mechanism governing deformation behavior in PF-treated and untreated
soils under W-D cycles and VE is driven by soil densification, particle rearrangement, and fiber
reinforcement. During wetting, soil swells due to moisture absorption, while drying induces
shrinkage due to moisture loss, with overall deformation decreasing in the second W-D cycle
as the soil matrix stabilizes through progressive compaction and particle reorientation. VE
further amplifies shrinkage by inducing particle rearrangement and stress redistribution. The
addition of PF enhances soil stability by increasing tensile strength and interlocking soil
particles, reducing excessive swelling during wetting and mitigating shrinkage after VE.
Higher PF content improves stress distribution, limits volumetric changes, and minimizes
deformation caused by VE, demonstrating the role of PF reinforcement in maintaining soil

integrity under cyclic environmental and dynamic stressors.

4. Conclusions

This comprehensive investigation into the coupled impact of W-D cycles and VE, for untreated
and PF-treated soils on the desiccation cracking, strength, and deformation characteristics has

yielded valuable insights as discussed below:

e Desiccation cracking intensifies with W-D cycles, especially during drying, but
increasing PF content significantly reduces cracking by enhancing the soil's tensile
strength. VVE reduces the visibility of surface cracks, with higher PF content providing
greater crack mitigation.

e The Rs, Li, and D¢ increase with W-D cycles, indicating more cracking, but these
parameters are significantly reduced with higher PF content, demonstrating PF’s

effectiveness in mitigating cracking and surface fragmentation. VE reduces Rsc and Del,
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but Lt slightly increases indicating redistribution of stresses, potentially elongating
cracks internally; however, PF reduces this increase, especially at higher PF levels.

e The CI values rise with W-D cycles due to soil densification from shrinkage, but
decrease after VE, particularly in the surface layers where desiccation cracking is more
pronounced. PF incorporation enhances soil resistance, reducing the impact of VE on
Cl, and helps maintain a more uniform, stable soil matrix.

e W-D cycles lead to an increase in deformation, with PF significantly reducing overall
deformation throughout the cycles. VE after W-D cycles causes additional shrinkage,
but the effect is mitigated by higher PF content, highlighting PF’s role in stabilizing

soil deformation under combined W-D and vibrational conditions.

This study highlights the effectiveness of PF reinforcement in improving the mechanical
properties and crack resistance of clayey soils under cyclic W-D conditions and seismic
activity for a specific worst-case compaction state and VE; future studies could focus on
other types of fibers and impact of compaction state and PGA on fiber reinforced soils

under coupling W-D and VE conditions.
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Nomenclatures

Ae Crack area

CI Cone index

Do Crack line density

AClve Percentage decrease in CI value after VE
Ip Plasticity index

Ly Total crack length

PF Polypropylene fibers

MCP MEXE cone penetrometer

PFRC PF reinforced clay

PGA Peak ground acceleration

Rsc Crack surface ratio

VE Vibration event

USCS Unified soil classification system
W-D Wetting drying

w Water content

wL Liquid limit

wo Initial water content

Wopt Optimum water content

740 Initial dry unit weight

24



Figure

[

00 A—hk

Clay = 38.1%
Silt = 56.60%
Sand = 5.30%

B (22} o]
o o o
| | |

Percent finer by weight (%)

n
o
+

—A-Grain size distribution curve

0.01 0.001 0.0001  0.00001

Grain size (mm)

10 1 0.1

@

20

Dry unit weight, gy (kN/m3)

iy
©

16 1

14 +

12 1t

10

(b)

Click here to access/download;Figure;Figures.docx 2

Zero air void line \\ —A— Compection curve

\ — -S:100%

AN
AN
AN
N
N
N
N
N
N
N
~
Wopi: 17.60%
Qimax: 15.85 kN/m3
0 5 10 15 20 25 30 35 40

Water content, w (%)

Fig. 1 Selected material characteristics (a) grain size distribution curve; (b) compaction curve determined
by standard compaction test; (c) fiber demonstration


https://www2.cloud.editorialmanager.com/trgeo/download.aspx?id=192237&guid=c05e8f0c-ee41-4a53-8ae6-6f7f90f05a90&scheme=1
https://www2.cloud.editorialmanager.com/trgeo/download.aspx?id=192237&guid=c05e8f0c-ee41-4a53-8ae6-6f7f90f05a90&scheme=1

1
Step 1: Specimen
Preparation: Collected
soil and remolded at
densification state with
PF

Step 2: Dessication
cracks propagation:
Applied W-D cycles
and photographic
arrangement

oisture control

Photogrpahy arrangement

Step 3: Cracks
quantification by
ImageJ software

Parameters estimation

Step 4: Impact of
seismic events

LI
VTR "

Seismic shaking: 0.7g

Step 6: Cracks
analysis after
steps 3 & 4

Surlace crack rao, Ree ()

Step 5:
Performance
testing after
steps 2 & 4




Inner mold
y (17.8x17.8x20.32.

e '—/"'/
Outer m

0. |

Ly

Fig. 3 Experimental arrangement for the current study (a) damping system; (b) damping system installed
on shaking table; (c) photography set up (d) MEXE cone penetrometer



a. Digital images

b.After scaling -

RN S

I 6

5

Fig. 4 Steps of crack image processing

.rfa‘nok‘ i/den ficz?ion




ya0: 13 kN/m3 yo0: 14.5 kN/m@ yo0: 16 kN/m3

wo: 18%; after 2nd

Fig. 5 Effect of densification on cracks morphology of untreated samples



=
N

=
o
y

Surface crack ratio, R (%)
o

e}
y

»

N
y

:18%
Wy:18% Wo
o After 2nd W-D cycle | € After 2nd W-D cycle
R £1000 +
© \: ~
I T g
~ 5 800 1 ‘ S 2
™~ < i ®©
(f ) g) B
3 Q@ I
o < 600
u Q
o
© 400 +
8
(@)
F 200 £
= = : o+ : :
13 14.5 16 13 14.5 16
Initial Dry Unit Weight, 7, (KN/m3) (b) Initial Dry Unit Weight, 7, (KN/m3)
0.35
W,:18%
o After 2nd W-D cycle
g 03 1
E
5025 1 .
= S 3
‘» 0.2 4 I @
@ E 9
g g
o 0.15 -
=
S 01 -
@
S
O
0.05 A
0 L + L +
13 145 16
(© Initial Dry Unit Weight, 7, (KN/m3)

Fig. 6 Effect of densification on (a) Rs; (b) Lt; (C) Der of untreated samples



16 1.6
PGA: 0.30g PGA: 0.70g
1.2 1 1.2 4
— —
= 2
Z 081 = 038 1
kel o
=) =)
S 0.4 1 T 0.4 A |
Q k) Y L
8 0.0 1 8 0.0 4~ 1 LA I, A\ il
Q Q
@ & Il ‘
S04t 2041 N ‘ ‘
g g
G 08 1 ® 08 T
12 4 12 4
-16 : : : -16 : : :
0 10 20 30 40 0 10 20 30 40
@ Duration (s) (b) Duration (s)
16
PGA: 1.16g
12 1
C
— 08
i)
=
S 047
Q
Q
O 0.0
Q
&
S04t
>
o
o -08 T
-1.2 +
-1.6 t t t
0 10 20 30 40
(© Duration (s)

Fig. 7 Shaking spectra of selected VE (a) PGA: 0.30g; (b) PGA: 0.70g; (s) PGA: 1.16g, applied for about
40s



12 1200
After 2nd W-D cycle
— After 2nd W-D cycle | —~
S S
107 £ 1000 +
; =
o iy © 4
o - © © L
S sf + 800 | g
o ES o 2 =
4 < o n [<5}
[S) © 3 [Te) -—
g 67 e 6 X 600 |
G @
s S
g 47 % 400 T
]
3 I =
21 200 +
0 t t 0 ; ;
0.30 0.70 116 0.30 0.70 1.16
(a) Peak ground accceleration, PGA (g) (b) Peak ground accceleration, PGA (g)
0.35
After 2nd W-D cycle
&
£ 03f
S
E
o025+
=
= o ~ o
g 02 4 3 a R
° ? it hd
o ]
£015 §
X
&
— 0.1 +
(@]
0.05 §
0 + +
0.30 0.70 116
(© Peak ground accceleration, PGA (g)

Fig. 8 Effect of VE on (a) Rsc; (b) Lic; (¢) Deiof untreated samples considering wo: 18%; uo: 14.5 kN/m?



0.2% PF 0% PF

0.8% PF 0.6% PF 0.4% PF

Bumem pug Buikip i) Bumem |

Bulkip pug

AN 18RV

Fig. 9 Effect of W-D cycles and PF on cracks morphology



=
o

Surface crack ratio, Ry, (%)

(o]

»

N

N

o

[ 0% PF PGA: 0.70g
| 90.2% PF Wo; 11‘31"/; N
- §0.4% PF ao: =7 KM

g7

834.79

34.26
3.77

241

99
84

0

o
[ 3
L 20.6% PF
- m0.8% PF ‘
l coooo
Rststsists

A 777774, 10

A —3.16
1.42

A2 . 86
—2.34

N0

iV

Istwetting 1stdrying 2nd wetting 2nd drying  After
W-D cycles

<

E

Fig. 10 Effect of W-D cycles and PF on R



Crack line density, D, (mm-1)

o
w

o
N
al

o
(V)

o
[EEN
()]

o
'—\

o
o
a

- 0% PF

150.2% PF
[80.4% PF
120.6% PF
- m0.8% PF

PGA: 0.70g
Wy 18%
Yoo 14.5 kN/m3

1st wetting 1stdrying 2nd wetting 2nd drying  After VE

W-D cycles

Fig. 11 Effect of W-D cycles and PF on Dy



1200

= [ 0% PF PGA: 0.70g
= i 9 w,. 18%
1000 4+ ©0.2% PF o
é | 0.4% PF Yao: 14.5 KN/m3
2 ik o
:'_ 800  @0.6% PF 8%\ mgggﬁ
S 00 [ m0.8% PF & CoBw MHEdd
5 T
% i
g 400 1
o i
T 200 1
S [
= 0 'OOCIJOO

1st wetting 1st drying 2nd wetting 2nd drying After VE
W-D cycles
Fig. 12 Effect of W-D cycles and PF on Ly



350

w w
> >
S S
2 &
< <
(@] (@]
£ £
) )
S S
© ©
o ]
o o
N N
- £ ooy 5 £ SNNNNNNNNNY
SEn Sl ZZZZ77774 € E Q@227 77777
N mb 0/ ] N me O8]
S > | E > |E
< 2 9 I 097 2 9 |« 0LT
Tol S 0O o (0753 S SNNNNNNNNANNNNNNNNN SR o W e - (0] IR NANNNNNNNANNNNNNNNY
N 2 06 zzzZzzzE, & < |9 b= OSTpzzzzzzzzzzzzzzg, S = |™ c OS T EZ2Z277727777 777777
7 £ O I+ = e > 0] s = ? > > Ot T
28 2 oowl 88 2 O & g3 2 02T — —
M~ s Y— N o)
SsSyY g RS 0L 2 5o 08
c_od = £ 493 00 =y S £ 283 0L Sy
S SL 2 25 5. Sz 2 25 56 GO w7777777
Oa s S - aaz = AaQz s 09 @I
L W W ow o L L W W . TR TR TR
L o oo o 00T c L o o o Aoyl c L o o o Aggey
L £ 2 X X 06 535 0L X X X R OCTESSNNNNNY &5 O ¥ XL X R GV ESSSSSSSSNSSSSSS
S N ¥ © ® £ 09 LS N S © o OTEZZZZZZ7Z7Z7ZZA £ O L N < © © OSTBZZZZ7777777774
© o o o o < & © o o o o 06 << € © © o o o OZ T
E 0 @ & W % E 0 @ 8 ® 08 = % E 0 & 8 ® 00T —=
____"_.._"____"..__" ________ “____“____“____“____“________ ..._"____"___"..._“____“___...._
o o o o o o o o o o o o o o o o
o Lo o Te} Lo o Lo o Te} o Lo o Lo o o o
™ N N - —_ ™ ™ N N — — — (32} (s2] N AN — —
]
D ‘X8pul sauo)d ) D ‘X8pul auo)d 2 IO Xapul sauod

2nd drying After VE

2nd
wetting

W-D cycles

1st wetting 1st drying

After
Remolding

(c)
Fig. 13 Effect of W-D cycles and VE on ClI at depth of (a) 25.4 mm; (b) 50.8 mm; (c) 76.2 mm



AClyg (%)

30.00
27.00
24.00
21.00
18.00
15.00
12.00
9.000
6.000
3.000

0.000

Fig. 14 Effect of W-D cycles and VE on ACIlve considering layer depth



Deformation (%)

P

4+0% PF -e-0.2% PF
Wetting-solid line

GA: 0.70g

Twy: 18%
" Owo: 14.5 KN/m3

-0-0.4% PF

--0.6% PF +<0.8% PF

0

0.5 1

Fig. 15 Effect of W-D cycles and PF on deformation

1.5
W-D cycles

2




Table (Editable version) Click here to access/download;Table (Editable
version); Tables.docx

Table 1 Physical and chemical properties of selected soil

L]

Physical properties Values ;2?::52; Values
Clay content (%) 38.10 CaOo 1.28
Silt content (%) 56.60 SiO2 55.88
Sand content (%) 5.30 Al203 24.524
Liquid limit, wy (%) 44.50 Fe203 4.25
Plasticity Index, Ip 20.25 MgO 1.34
Maximum dry unit weight, yamax (KN/m?3) 15.85 Na20 1.06
Optimum moisture content, Wopt (%) 17.60 TiO2 0.69

Soil classification (USCS) CL soll K20 1.89



https://www2.cloud.editorialmanager.com/trgeo/download.aspx?id=192236&guid=c18eb371-47b2-47e5-bd7f-db6ee7999c0e&scheme=1
https://www2.cloud.editorialmanager.com/trgeo/download.aspx?id=192236&guid=c18eb371-47b2-47e5-bd7f-db6ee7999c0e&scheme=1

Table 2 Properties of PF

Property Specification
Chemical Base 100% Polypropylene
Dimensions Fiber length: 5-6 mm (Blended)
Diameter 10 um
Density 910 kg/m®
Tensile Strength 472 MPa
Melting Point 162°C
Ignition Temperature 593°C
Surface Coated for dispersion
Design Fine / Fibrillated Fiber
Thermal Conductivity Low
Electrical Conductivity Low
Acid Resistance High

Alkali Resistance 100%




Table 3 Tests matrix of the current study

Initial water  Initial dry unit Peak ground Polvoronviene
Analysis Test/Analysis  content, wo weight, o acceleration, PGA fib)é? p,pzy(% ) Assessment stages
(%) (kN/m?) (9) ’
Desiccation
crack Image analysis 18 14.5 0.70 0 0'2’0%4’ 0.6,
analysis ' After 1% wetting, 1%
Strength Mexe cone 0,0.2,0.4, 0.6, drying, 2" wetting, 2"
18 14.5 0.70 ) Lo
property penetrometer 0.8 drying, vibration event
Deformation Ver_nier
. Caliber 18 14.5 0.70 0,0.2,0.4,06,0.8
analysis
measurements
Preliminary 18 13, 14.5, 16 - - After 2" W-D cycle
desiccation Image analysis
crack g y L
18 14.5 0.30, 0.70, 1.16 - After vibration event

analysis




Table 4 Specifications of shaking table

Description Specifications
Size of table 4mx4m
Maximum payload 12 ton
Overturning moment 30 ton
Maximum displacement +250 mm
Maximum velocity 1mls

Maximum acceleration
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