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Abstract: This study investigates the role of polypropylene fibers (PFs) in mitigating the 15 

combined effects of wet-dry (W-D) cycles and vibration event (VE), such as earthquakes or 16 

machine vibrations, on the desiccation cracking and mechanical behavior of clay through 17 

model tests. A comprehensive experimental program was conducted using compacted clayey 18 

soil specimens, treated with various PF percentages (0.2%, 0.4%, 0.6%, and 0.8%) and 19 

untreated (0%). These specimens were subjected to multiple W-D cycles, with their behavior 20 

documented through cinematography. Desiccation cracking and mechanical responses were 21 

evaluated after each W-D cycle and subsequent VE. Results indicated that surface cracking, 22 

quantified by morphology and crack parameters i.e., crack surface ratio (Rsc), total crack length 23 

(Ltc), and crack line density (Dcl), increased with progressive W-D cycles. Higher PF content 24 

in soil significantly reduced desiccation cracking across all W-D phases, attributable to the 25 

enhanced tensile strength and stress mitigation provided by the fibers. Following VE, surface 26 

crack and fragmentation visibility decreased due to the shaking effects, as indicated by 27 

reductions in Rsc and Dcl. However, Ltc increased slightly, suggesting either crack persistence 28 

or lengthening. Higher PF content resulted in a more substantial reduction in Rsc and Dcl and a 29 

smaller increase in Ltc after seismic shaking. W-D cycles led to increased cone index (CI) 30 

values, reflecting enhanced compactness due to shrinkage which enhances with PF content 31 

showing improved soil resistance to loading. Meanwhile, seismic shaking reduced CI values 32 

following W-D cycles, particularly in near-surface layers, PF content mitigates this reduction, 33 

demonstrating that PF contributes to a more stable soil matrix. Also, PF content decreased the 34 

soil deformation under W-D cycles and subsequent VE.  35 

Keywords: desiccation cracking, mechanical behavior, deformation behavior, wet-dry cycles, 36 

vibrations 37 

 38 
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 40 
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1. Introduction 41 

Clayey soils, characterized by their hydrophilic mineral composition, are commonly 42 

encountered in scenarios that impact ground stability and clay-based building materials. Clay 43 

is a fundamental material in building construction due to its widespread availability and 44 

versatility, its performance under varying environmental conditions requires further 45 

exploration to enhance infrastructure resilience. These minerals exhibit significant volumetric 46 

changes in response to moisture fluctuations, leading to pronounced deformations. Such 47 

volumetric instability of clayey soils results in extensive damage to civil engineering structures, 48 

thereby compromising their integrity and stability [1]. This problem is further intensified when 49 

these soils are subjected to complex loadings and climatic conditions [2,3]. Consequently, the 50 

design of earthworks involving such soils must carefully consider these adverse effects and 51 

implement effective mitigation strategies. 52 

Extensive research has highlighted that wet-dry (W-D) cycles can severely impair critical soil 53 

properties such as shear strength, permeability, and infiltration capacity, thereby compromising 54 

soil structural integrity [4,5]. One of the most significant issues associated with volumetric 55 

changes in clayey soils due to moisture variation from W-D cycles is cracking [6]. Clays are 56 

particularly prone to cracking during desiccation because the tensile stress developed within 57 

the soil matrix can exceed its inherent tensile strength [7]. The consequences of desiccation 58 

cracking extend across various fields, including construction, engineering geology, and 59 

agriculture [8]. To address this issue, numerous treatment methods have been proposed, with 60 

one common approach being the incorporation of cementing additives or fibers to enhance the 61 

tensile strength of the clayey soil matrix and mitigate desiccation cracking [9,10]. However, 62 

practical considerations for ground stabilization can be more complex. For example, regions 63 

susceptible to moisture variations due to climatic conditions, which induce cyclic W-D 64 
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environments, may also experience vibration events (VEs), e.g., earthquake [11]. Additionally, 65 

VEs include shaking induced by man-made vibratory sources, e.g., machines, moving vehicles, 66 

and railways. VE can further exacerbate cracking and increase deformation in affected soils, 67 

necessitating a more comprehensive strategy for mitigating both desiccation cracking and 68 

dynamic failures due to VE [3,12]. However, the literature review revealed a significant gap in 69 

analyzing soil stabilization of clayey soils, particularly in addressing the mitigation of 70 

desiccation cracking under the influence of climatic variations due to W-D cycles and the 71 

combined impact of VE. 72 

Fiber reinforcement in clay has been identified in previous studies as an effective strategy for 73 

enhancing tensile strength and ductility. The increase in tensile strength helps in mitigating the 74 

crack formation by counteracting the tensile stresses induced by W-D cycles within the soil 75 

matrix. [13–16]. The fiber reinforcement has been found to have the potential to reduce the 76 

average width, total length, and connectivity of soil cracks, thereby improving soil integrity 77 

[17,18]. Additionally, the improvement in ductility due to fiber reinforcement enhances the 78 

soil's resistance to sudden loading, such as that experienced during earthquakes or vibration 79 

events, as demonstrated in past research [16]. Considering this, polypropylene fibers (PFs) are 80 

envisaged to play a crucial role in construction, particularly in mitigating desiccation cracking 81 

and enhancing soil resistance to dynamic forces [19].  82 

Polypropylene fibers (PFs) are widely recognized for their effectiveness in soil reinforcement 83 

due to their cost efficiency, availability, and resistance to environmental conditions  [20–23]. 84 

Meanwhile, polypropylene waste poses a significant environmental threat, contributing to 85 

long-term ecosystem degradation and persisting in the environment for centuries. Recycling 86 

polypropylene waste as PFs in the construction industry for soil reinforcement presents a 87 

sustainable solution, helping to mitigate plastic waste accumulation, which currently stands at 88 
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approximately 260 million tonnes annually and is projected to reach 460 million tonnes by 89 

2030. Previous studies have evaluated PF-reinforced clay under wetting-drying conditions 90 

using small-scale thin samples to assess its long-term performance [10,17,24]. These studies 91 

have demonstrated the effectiveness of PF in mitigating formation and extent of desiccation 92 

cracking. However, past research has primarily focused on crack formation analysis in PF-93 

reinforced clay, with limited emphasis on the crack-influenced strength characteristics of PF-94 

stabilized soils, which is critical from a geotechnical design perspective. Furthermore, the 95 

effectiveness of polypropylene fiber-reinforced clay (PFRC) in addressing both desiccation 96 

cracking and strength behavior within the complex interplay of W-D cycles and VE in 97 

compacted soil has not been investigated. This gap largely stems from the challenges associated 98 

with experimentally simulating these combined conditions. Meanwhile, the simultaneous 99 

effects of W-D cycling and VE are of significant concern in earthquake-prone regions and areas 100 

subject to machine-induced vibrations, particularly where cyclic moisture variations occur due 101 

to climate change or seasonal fluctuations. Thus, quantifying the behavior of PF-reinforced soil 102 

under these dual environmental and dynamic stressors is crucial, as it provides valuable insights 103 

into the resilience of PFRC and informs practitioners about its applicability in sustainable and 104 

resilient infrastructure. Although a few previous studies have explored PF-reinforced soil 105 

stabilization under cyclic W-D conditions, no research has comprehensively examined the 106 

twofold effects of W-D cycling and VE on the desiccation cracking and mechanical behavior 107 

of PFRC. This study addresses this gap by evaluating the coupled influence of these 108 

environmental and dynamic loading factors, offering new insights into the long-term stability 109 

of fiber-reinforced soils under realistic field conditions. The findings contribute to optimizing 110 

soil stabilization techniques for infrastructure exposed to both climatic variations and 111 

mechanical vibrations. 112 
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Considering the foregoing discussion, this study focuses on evaluating the effects of PF under 113 

W-D environments, in conjunction with VE, on desiccation cracking and mechanical behavior 114 

of clayey soil. This study seeks to address the identified research gap through a comprehensive 115 

experimental investigation using a meticulously designed physical model. Large, thick, 116 

compacted specimens, prepared with varying percentages of PF, are subjected to W-D cycles 117 

and simulated VE to accurately replicate the coupling of W-D environments and VE for 118 

naturally compacted soil. Surface crack patterns, strength parameters, and deformations are 119 

systematically measured throughout the W-D cycles and following VE. Additionally, Vernier 120 

caliper arrangements and Military Engineering Experimental Establishment (MEXE) cone 121 

penetrometer (MCP) tests are conducted to assess the impact of desiccation cracks on the 122 

strength and deformation of the PFRC. Through a thorough investigation of these factors, this 123 

study provides significant insights into the performance of PFRC in the complex interactions 124 

between W-D climates and VE, with respect to soil cracking and mechanical behavior. 125 

2. Materials and methods 126 

2.1. Materials 127 

2.1.1. Selected Soil 128 

This study used clayey soil with physical and chemical properties typical of soil undergoing 129 

desiccation cracking for stabilization using PF, selected from the Chenab River plain, located 130 

in the Punjab province of Pakistan, near Gujranwala. The area's geology is largely defined by 131 

alluvial deposits, which are recognized for containing fine-grained soils with a wide range of 132 

plasticity [25,26]. The clay's detailed physical properties are listed in Table 1. The grain size 133 

distribution curve demonstrate that soil has predominant fraction of fine particles having size 134 

less than 0.075 mm (Fig. 1a).  According to the Unified Soil Classification System (USCS), 135 

the soil is classified as lean clay (CL), based on its grain size distribution and consistency limits. 136 
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The soil's composition includes 38.10% clay fraction, 56.60% silt fraction, and 5.30% sand 137 

fraction. The liquid limit (wL) and plasticity index (IP) were determined to be approximately 138 

44.50% and 20.25, respectively. Moreover, the dominant oxides in the selected clay sample 139 

include silicon dioxide (SiO2) at 55.58%, aluminum oxide (Al2O3) at 24.53%, and iron oxide 140 

(Fe2O3) at 4.25%. These oxides are associated with active clay minerals that often exhibit 141 

significant swell-shrink behavior [27]. They play a crucial role in the soil’s expansive 142 

properties. Their presence influences the soil’s interaction with moisture variations and 143 

mechanical stresses. The compaction curve was drawn through standard proctor test shows that 144 

soil has a maximum dry density (γdmax) and optimum moisture content (wopt) of 15.85 kN/m3 145 

and 17.60%, respectively (Fig. 1b).  The physical and chemical characteristics of the soil 146 

indicate that the selected clayey soil could undergo volume and strength changes under 147 

moisture variations, making it suitable for the current study. 148 

2.1.2. Polypropylene fiber (PF) 149 

Polymerized-Olefin PFs were sourced for this study (Fig. 1c). The procured PFs are 150 

hydrophobic and chemically inert, ensuring that they do not interact with or absorb soil 151 

moisture; thus, their interaction with soil is of a physicomechanical nature [28]. The detailed 152 

properties of PF are illustrated in Table 2. PF has a blended length between 5-6 mm with 153 

diameter of around 10 µm. PF has a tensile strength of 472 MPa, demonstrating its potential 154 

for durability by resisting mechanical degradation. Additionally, its melting point of 162°C and 155 

ignition temperature of 593°C indicate thermal stability, while its alkali and acid resistance 156 

ensure chemical stability. These properties collectively suggest that PF fibers can effectively 157 

resist degradation and maintain their reinforcing function in soils subjected to cyclic moisture 158 

variations and loads. The PF content varied from 0.0% to 0.8%, with increments of 0.2% by 159 
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weight of soil for each trial, following the approach outlined in the literature on fiber-reinforced 160 

clay [29]. 161 

2.2. Specimens remolding 162 

After field collection, the natural clay samples underwent a detailed specimen preparation 163 

process to ready them for testing. The clayey samples were first dried in an oven at 60°C to 164 

remove all moisture. After drying, the clay was pulverized to eliminate any lumps and then 165 

passed through a No. 4 sieve to ensure a consistent particle size distribution, which is key for 166 

uniform compaction and testing. PFs were then mixed with dry soil and thoroughly blended to 167 

ensure uniform distribution before adding water. This dry mixing process prevented fiber 168 

clumping and ensured even dispersion throughout the soil. For treated samples, the soil was 169 

combined with water and PF at varying concentrations of 0.2%, 0.4%, 0.6%, and 0.8% to 170 

ensure an even mixture. The soil was thoroughly mixed with water to achieve a homogeneous 171 

consistency. This pre-wetting process is critical for achieving uniform water distribution within 172 

the soil, which impacts the compaction and mechanical properties of both treated and untreated 173 

soils. The pre-wetted samples were then sealed in plastic covers and left to equilibrate for at 174 

least 24 hours, ensuring the moisture was evenly distributed throughout the soil matrix, 175 

essential for accurate and reproducible compaction results (Fig. 2 (step 1)). 176 

After equilibration, the specimens were readied for remolding. The pre-wetted soil was 177 

subjected to dynamic compaction using a hammer within a custom mold. The compaction 178 

process was carefully managed to achieve the required sample thickness of 101.6 mm. This 179 

step is crucial, as the level of compaction directly affects the mechanical properties and 180 

behavior of the soil under testing conditions. It is noteworthy that the prepared specimens were 181 

subjected to VE on the shaking table with imposed boundary conditions that accurately 182 

simulated continuous constraints viable for cracking and seismic shaking of soil specimens 183 
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[30]. These boundary conditions ensured that the specimens were held securely throughout the 184 

shaking process, allowing for precise simulation of VE and reliable measurement of the soil's 185 

response. The detailed procedure for specimen remolding is depicted in Fig. 2 (step 1). The 186 

prepared specimens were then subjected to W-D cycles and VE, during which various 187 

measurements and tests were conducted. A detailed test matrix for this study is presented in 188 

Table 3, providing a comprehensive overview of the experimental conditions and parameters. 189 

2.3. Design of mold and shaking table 190 

The dimensions of the mold to prepare the compacted soil specimen of 101.6 mm thickness for 191 

W-D Cycles and subsequent testing were 187.96 mm by 187.96 mm by 203.2 mm. Following 192 

the W-D cycles, this mold was placed in an outer frame, sized 254 mm by 254 mm by 304.8 193 

mm, which had 12.7 mm springs installed around the edges to function as a damping system 194 

representing the boundary conditions for soil specimen that accurately simulated continuous 195 

constraints allowing for precise simulation of VE following [31,32], and reliable measurement 196 

of the soil behavior, as illustrated in step 4 of Fig. 2 and Fig. 3. The outer frame was then 197 

attached to a 1D shaking table capable of simulating VE with uniaxial motion, as also depicted 198 

in step 4 of Fig. 2 and Fig. 3. The specifications of the shaking table are detailed in Table 4. 199 

W-D cycles 200 

Two consecutive W-D cycles were conducted on various specimens to assess the impact of 201 

climatic variations on crack propagation and mechanical properties. The W-D procedure was 202 

based on the methodologies outlined by [33] and [34]. During the wetting phase, each specimen 203 

received 250 ml of de-aired water, followed by sealing with plastic wrap for 24 hours to achieve 204 

even moisture distribution. After removing the plastic wrap, the specimens were left to air dry 205 

in a controlled environment set at 25±5 °C and 35±5% relative humidity. The first drying cycle 206 

was considered complete once the specimen's moisture content returned to its initial level (w0). 207 
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Moisture loss was periodically monitored by weighing the specimens. This wetting and drying 208 

sequence was repeated for two cycles, with each wetting stage consistently using 250 ml of de-209 

aired water. This methodology offers valuable insights into the behavior of clays subjected to 210 

cyclic moisture changes, aiding in the understanding of desiccation crack formation and 211 

mechanical responses. The W-D method used for the specimens is depicted in Step 2 of Figure 212 

2. 213 

2.4. Cinematography: Image processing and cracks quantification  214 

The crack propagation was recorded through the cinematography of the specimens. To 215 

systematically manage the magnification and size of images for specimen photography, a 216 

standardized setup was implemented (Fig. 3c). Images were taken from a constant height, 217 

angle, and distance, with light intensity carefully controlled. A white backdrop was used around 218 

the specimens to boost contrast and assist with image processing. Photographs were captured 219 

from a top view after each W-D, as well as after VE, as shown in Fig. 2 (step 2). The analysis 220 

of crack patterns involved using ImageJ software to process these images. The detailed 221 

methodology for processing images and quantifying crack patterns is presented in Figs. 2 (step 222 

3) and 4. 223 

The crack analysis included measuring parameters such as crack area (Ac), crack perimeter, 224 

and total crack length (Ltc) directly from the images. Ltc was derived by approximating the 225 

distance between intersecting points after the image underwent skeletonization, as 226 

demonstrated in Fig. 4. The Ac represents the total area of all cracks on the specimen. 227 

Meanwhile, to objectively quantify cracking, the crack surface ratio (Rsc), also known as the 228 

crack intensity factor (CIF), was calculated as the ratio of the Ac to the total surface area of the 229 

soil specimen, indicating the extent of surface cracking. Meanwhile, the crack line density (Dcl) 230 
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was calculated to quantify the degree of surface fragmentation, which is the ratio of the total 231 

crack perimeter to the Ac. 232 

2.5. Selection of initial compaction state and vibration events 233 

To determine the density and moisture conditioning of the specimens for evaluating the 234 

performance of PF-treated soil, the impact of density was preliminarily assessed for untreated 235 

specimens. The initial water content (w0) was selected on the wet side of the compaction curve 236 

of the untreated soil, set at 18% to simulate wet conditions (Figure 1). Subsequently, three 237 

initial dry densities (γd0) were chosen for evaluation, ranging from 13 kN/m3 to 16 kN/m3, in 238 

increments of 1.5 kN/m3. It was observed that after the second W-D cycle, a decrease in the γd0 239 

resulted in an increase in Rsc, Dcl, and Ltc, indicating a direct proportionality among desiccation 240 

cracking and γd0 (Figs. 5-6). Based on these findings, all soil specimens were prepared with an 241 

w0 of 18% and an γd0 of 14.5 kN/m3. This selection was made to ensure that the testing matrix 242 

was not exhaustive but still incorporated a reasonable high initial cracking condition. 243 

Additionally, since an increase in γd0 reduces cracking, a lower density than the γdmax was 244 

selected to assess the performance of PF treatment effectively. The influence of γd0 on 245 

desiccation cracking is envisaged to remain directly proportional for PF-treated soil; therefore, 246 

it was not included in the primary scope of this study. 247 

Furthermore, to determine the VE in terms of Peak Ground Acceleration (PGA) for evaluating 248 

PF-treated soil, the impact of different PGAs on untreated soil was quantified. Three PGA 249 

levels, i.e., 0.3g, 0.7g, and 1.16g as shown in Fig. 7, were selected for a duration of 40 seconds 250 

to match the seismic history of the region, covering medium to high seismicity and high range 251 

of machine-induced vibrations [35–37]. The results indicated that the Rsc and Dcl decreased 252 

while Ltc increased with increasing PGA (Fig. 8). Thereby, for testing the PF-treated soil, the 253 

shaking table was set to a reasonable worst-case excitation characterized by a PGA level of 254 
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0.70g, lasting 40 seconds. Moreover, the impact of PGA is expected to be similar for PF-treated 255 

soil, and thus, it was not considered as a variable in the primary scope of the study. 256 

2.6. Mechanical performance tests 257 

The MCP, employed in both field and laboratory settings, was used to measure the specimen's 258 

strength characteristics. This device measures the Cone Index (CI), which serves as an indirect 259 

indicator of the soil's load-bearing capacity, compaction quality, and strength. It is especially 260 

effective for assessing cohesive soils, such as clays. In this study, the MCP testing was 261 

conducted after each phase of W-D cycles and VE. The MCP setup for the test included a CI 262 

cone, a top rod, and three 150 mm extension rods, as shown in Figure 3d. The penetrometer 263 

was inserted into a 101.6 mm thick soil sample to a depth of 76.2 mm, and CI measurements 264 

were recorded at 25.4 mm, 50.8 mm, and 76.2 mm depths. Additionally, to further evaluate the 265 

treated and untreated soils, deformation was assessed after each W-D cycle and VE. Moreover, 266 

the deformation was measured using a Vernier caliper, a precise instrument capable of 267 

measuring small dimensional changes with an accuracy of up to 0.02 mm. The calipers were 268 

used to measure the initial dimension (dinitial) and final dimension (dfinal) of the specimen after 269 

exposure to the testing conditions. The deformation (%) was measured as follows: 270 

Deformation (%) = (
𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑑𝑓𝑖𝑛𝑎𝑙

𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙
) × 100    (1) 271 

3. Test results and discussions 272 

3.1. Desiccation cracking 273 

3.6.1. Crack morphology analysis 274 

Fig. 9 illustrates the desiccation cracking morphology of soil, both treated and untreated, across 275 

varying stages of W-D cycles and the effects of VE on different soil specimens with PF of 276 

0.2%, 0.4%, 0.6%, and 0.8%, as well as untreated soil (without PF). The impact of W-D cycles 277 
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on crack propagation is evident in all specimens, with cracks becoming more prominent as the 278 

cycles progress. The cracking becomes visible on the surface after the first drying cycle. This 279 

behavior can be attributed to the development of desiccation cracks, primarily driven by the 280 

increasing suction or tensile stresses occurring on the specimen surface during the drying 281 

process. When tensile stress exceeds the tensile strength of the soil, desiccation cracks initiate 282 

on the specimen surface, as observed during the first drying cycle [38]. As the W-D cycles 283 

repeat for the second time, the cracks progressively widen and extend after the drying cycle 284 

[39]. Furthermore, the application of VE after the second drying cycle demonstrates a reduction 285 

in surface crack visibility, as shaking closes the cracks, thereby diminishing their surface 286 

appearance. 287 

Fig. 9 also demonstrates that as the percentage of PF increases, the occurrence of desiccation 288 

cracking decreases compared to soils with lower PF percentages and untreated specimens. The 289 

addition of fibers proves effective in reducing the extent of desiccation cracks and enhancing 290 

the soil's resistance to cracking. This improved resistance can be attributed to the increase in 291 

tensile strength imparted by the fibers. Incorporating small amounts of PF into the soil matrix 292 

strengthens the bond and friction between the fibers and soil particles, thereby restricting the 293 

relative movement of the fibers within the matrix [17]. Consequently, the fibers can bear a 294 

portion of the tensile stress that develops during drying, thereby reducing the initiation of 295 

cracks. These fibers also help to distribute tensile stresses more uniformly throughout the soil 296 

matrix, thus lowering the probability of crack formation and propagation. This finding is 297 

consistent with previous research studies [17,29], which have demonstrated that fiber 298 

reinforcement enhances the mechanical properties of soil, including tensile strength and 299 

resistance to desiccation cracking. Also, an increase in PF content enhances the effectiveness 300 

of crack reduction following VE after W-D cycles. This also means that the VE does not 301 

diminish the crack mitigation performance of the PF in a W-D environment. The analysis 302 
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suggests that increasing the PF content in clayey soils is an effective strategy for mitigating 303 

desiccation cracking, thereby improving the durability and stability of soil structures subjected 304 

to adverse climatic conditions favorable to causing cracking. 305 

The underlying mechanism governing desiccation crack formation and mitigation in PF-306 

reinforced soil observed in the crack morphology analysis involves an interaction between 307 

tensile stress development due to W-D cycles, fiber reinforcement, and VE effects. During W-308 

D cycles, water loss increases matric suction, generating tensile stresses that, when exceeding 309 

soil tensile strength, lead to crack initiation and propagation [39]. The incorporation of PF 310 

gradually enhances soil tensile strength by improving interfacial bonding and friction, thereby 311 

restricting crack formation and propagation. Additionally, VE excitation following W-D cycles 312 

aids in closing surface cracks by redistributing stresses and soil mass, thereby reducing their 313 

surface visibility.  314 

3.6.2. Crack parameter analysis 315 

To quantify desiccation cracking, Rsc, Dcl, and Ltc were analyzed in Figs. 10-12 for all 316 

specimens subjected to different W-D cycles and subsequent VE. It was observed that Rsc, 317 

which directly indicates the extent of cracking, becomes prominent at the completion of the 318 

drying cycle, with its magnitude increasing as the W-D cycles progresses (Fig. 10). Conversely, 319 

Rsc slightly decreases from the drying phase upon the application of  VE, suggesting a reduction 320 

in surface crack visibility [8]. A similar response was noted for Dcl, highlighting the role of W-321 

D cycles and their interaction with VE on the degree of surface fragmentation of cracked soil 322 

samples (Fig. 11). Interestingly, the impact of W-D cycles on Ltc was consistent with the trends 323 

observed for Rsc, Dcl, across all specimens (Fig. 12). However, after the application of VE 324 

following the second drying cycle, Ltc displayed a reverse trend, slightly increasing with the 325 

application of shaking. This indicates that, although VE reduces apparent surface cracking and 326 

the degree of surface fragmentation, the cracks retain or enhance their length [40]. This 327 
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counterintuitive result can be attributed to stress redistribution and structural realignment under 328 

vibrational stressor. Under VE, the compression or compaction of clay may narrow and reduce 329 

the visible area of surface cracks. However, this process can also induce internal stresses that 330 

potentially lengthen surface cracks. Despite the decreased visibility of surface cracks, their 331 

lengthening can still contribute to the overall deformation of the clay. 332 

The addition of PF was observed to reduce Rsc, Dcl, and Ltc during all W-D cycle phases, 333 

indicating that PF contributes essential tensile strength that is lost due to desiccation cracking. 334 

This effect becomes more pronounced with increased PF content (Figs. 10-12). Additionally, 335 

PF aids in managing the stress redistribution impact of VE on cracks induced by W-D cycles, 336 

with Rsc, Dcl, and Ltc consistently showing significantly lower values in treated samples 337 

compared to untreated ones with increase in PF content. This means that PF not only further 338 

reduces surface crack visibility but also diminishes the impact of VE on Ltc by mitigating stress 339 

redistribution and minimizing the potential for surface crack lengthening that could cause 340 

ground deformation [41].  341 

Overall, mechanistically, as W-D cycles progress, the extent of surface cracking in terms of 342 

Rsc, Dcl, and Ltc increase due to repeated shrinkage and stress buildup. On the other hand, VE 343 

reduces surface crack visibility and fragmentation by compacting the soil, but it also 344 

redistributes stresses, potentially elongating cracks internally as depicted by increase in Ltc. 345 

The addition of PF mitigates these effects by enhancing tensile strength, restricting crack 346 

initiation and propagation, and counteracting VE-induced stress redistribution. Higher PF 347 

content leads to a significant reduction in Rsc, Dcl, and Ltc, effectively minimizing desiccation 348 

cracking and preventing excessive deformation. These findings underscore the effectiveness of 349 

PF in mitigating the combined effects of cyclic W-D conditions and VE, thereby enhancing the 350 

resilience of infrastructure constructed on such soils. 351 
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3.2. Mechanical characteristics 352 

3.2.1. Strength behavior 353 

Fig. 13 illustrates the effect of different phases of W-D cycles and subsequent VE on the CI 354 

values of untreated and treated soils at depths of 25.4 mm, 50.8 mm, and 76.2 mm. Across all 355 

specimens and depths, CI increases as the W-D cycles progress. A similar trend is observed 356 

during the subsequent wetting and drying phases, though the CI values are lower in the wetting 357 

phase due to elevated moisture content. The increase in CI with W-D cycles can be attributed 358 

to the repeated shrinkage of soil particles during drying, resulting in pore space reduction, 359 

densification, and hardening of the soil matrix. Each W-D cycle enhances soil compaction, 360 

thereby increasing its resistance to cone penetration, as reflected in CI values [25]. 361 

Additionally, VE after the second drying cycle reduces CI across all specimens and depths, 362 

highlighting the effect of VE, which redistributes stresses and weakens the soil's resistance to 363 

cone penetration. This reduction can be attributed to the loosening of the soil structure caused 364 

by VE. Meanwhile, the percentage decrease in CI before and after VE (ΔCIVE) is higher at 365 

shallower depths and lower at greater depths, suggesting the influence of overburden and 366 

desiccation cracking in the upper layers, which cause greater disruption of the soil structure 367 

near the surface (Fig. 14). 368 

The presence of PF was observed to significantly impact CI in all phases of the W-D cycles 369 

across the depths (Fig. 13). Untreated soil exhibits lower CI values compared to PF-treated 370 

specimens, and soils with higher PF content show larger CI values than those with lower PF 371 

percentages in all W-D phases across all depth intervals. Furthermore, the increase in CI with 372 

an increase in W-D cycles is more pronounced in soil specimens with higher PF content. This 373 

enhancement is attributed to the fibers’ ability to reinforce the soil matrix, providing additional 374 

tensile strength and resistance to cracking. The fibers bind the soil particles together, thereby 375 
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improving the structural integrity of the soil. Despite the reduction in CI due to VE, PF-treated 376 

soils maintain higher CI values than untreated soils, indicating that fiber reinforcement 377 

provides resilience against seismic-induced weakening which increases with the increase in PF 378 

content. This resilience is likely due to the fibers preserving soil integrity under dynamic 379 

loading, thereby mitigating the structural degradation typically caused by VE [41]. 380 

Additionally, PF content reduces ΔCIVE and minimizes the difference between upper and lower 381 

layers, as higher PF content creates a more homogeneous soil matrix less prone to disruption 382 

by stress redistribution due to VE (Fig. 14). These results underscore the interplay between W-383 

D cycles and VE on the mechanical behavior of the PFRC. 384 

The underlying mechanism governing the variation in strength characteristics in terms of CI in 385 

PF-reinforced soil under W-D cycles and VE is summarized to be influenced by soil 386 

densification, structural integrity, and stress redistribution. As W-D cycles progress, repeated 387 

shrinkage and moisture fluctuations lead to soil compaction, reducing pore space and hardening 388 

the soil matrix, which increases CI. However, VE disrupts this densified structure by 389 

redistributing stresses and loosening the soil, causing a reduction in CI, particularly in the upper 390 

layers where desiccation cracking is more pronounced. PF content enhances soil tensile 391 

strength and structural integrity by binding soil particles together, leading to higher CI values 392 

across all W-D phases and depths compared to untreated soil. Despite VE-induced loosening, 393 

PF-treated soils retain greater resistance to penetration due to their reinforced matrix, reducing 394 

the ΔCISE and creating a more uniform soil structure. The higher the PF content, the more 395 
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effective the mitigation of VE-induced weakening, highlighting the role of fiber reinforcement 396 

in improving soil resilience under both cyclic environmental and dynamic loading conditions. 397 

3.2.2. Deformation behavior 398 

Fig. 15 illustrates the deformation behavior of PF-treated and untreated soils, considering the 399 

combined effects of W-D cycles and VE. The soil exhibits positive deformation (swelling) 400 

during the wetting phase and negative deformation (shrinkage) during the drying phase. 401 

Overall, deformation (i.e., swell-shrinkage %) decreases in the second W-D cycle compared to 402 

the first, indicating the progressive stabilization of the soil matrix due to repeated moisture 403 

fluctuations for all specimens. As the soil undergoes successive W-D cycles, particles become 404 

more densified and reoriented, leading to a more stable structure with reduced volumetric 405 

changes [42]. This observation is consistent with the enhancement in strength characteristics 406 

associated with increasing W-D cycles. Additionally, VE affects deformation behavior, with 407 

negative deformation (shrinkage) increasing after VE. This response to seismic loading, 408 

characterized by heightened shrinkage, is attributed to the rearrangement of soil particles under 409 

VE. 410 

PF content was found to significantly influence the overall deformation (swell-shrinkage%) 411 

potential. Increased PF content notably reduces positive deformation during the wetting phase, 412 

thereby maintaining lower overall deformation throughout W-D cycles. This relationship 413 

indicates that higher PF content provides enhanced reinforcement. PF improves soil stability 414 

by increasing tensile strength and serving as a binding agent that interlocks soil particles. This 415 

interlocking mechanism ensures more uniform stress distribution across the soil matrix, 416 

effectively mitigating deformation and improving overall soil stability. Additionally, the 417 

presence of PF significantly reduces post-SE deformation due to the reinforcing effect of fibers 418 
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within the soil matrix, which limits stress redistribution and the impact of particle 419 

rearrangement, thus controlling the extent of deformation. 420 

Thus, the underlying mechanism governing deformation behavior in PF-treated and untreated 421 

soils under W-D cycles and VE is driven by soil densification, particle rearrangement, and fiber 422 

reinforcement. During wetting, soil swells due to moisture absorption, while drying induces 423 

shrinkage due to moisture loss, with overall deformation decreasing in the second W-D cycle 424 

as the soil matrix stabilizes through progressive compaction and particle reorientation. VE 425 

further amplifies shrinkage by inducing particle rearrangement and stress redistribution. The 426 

addition of PF enhances soil stability by increasing tensile strength and interlocking soil 427 

particles, reducing excessive swelling during wetting and mitigating shrinkage after VE. 428 

Higher PF content improves stress distribution, limits volumetric changes, and minimizes 429 

deformation caused by VE, demonstrating the role of PF reinforcement in maintaining soil 430 

integrity under cyclic environmental and dynamic stressors. 431 

4. Conclusions 432 

This comprehensive investigation into the coupled impact of W-D cycles and VE, for untreated 433 

and PF-treated soils on the desiccation cracking, strength, and deformation characteristics has 434 

yielded valuable insights as discussed below: 435 

 Desiccation cracking intensifies with W-D cycles, especially during drying, but 436 

increasing PF content significantly reduces cracking by enhancing the soil's tensile 437 

strength. VE reduces the visibility of surface cracks, with higher PF content providing 438 

greater crack mitigation. 439 

 The Rsc, Ltc, and Dcl increase with W-D cycles, indicating more cracking, but these 440 

parameters are significantly reduced with higher PF content, demonstrating PF’s 441 

effectiveness in mitigating cracking and surface fragmentation. VE reduces Rsc and Dcl, 442 
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but Ltc slightly increases indicating redistribution of stresses, potentially elongating 443 

cracks internally; however, PF reduces this increase, especially at higher PF levels. 444 

 The CI values rise with W-D cycles due to soil densification from shrinkage, but 445 

decrease after VE, particularly in the surface layers where desiccation cracking is more 446 

pronounced. PF incorporation enhances soil resistance, reducing the impact of VE on 447 

CI, and helps maintain a more uniform, stable soil matrix. 448 

 W-D cycles lead to an increase in deformation, with PF significantly reducing overall 449 

deformation throughout the cycles. VE after W-D cycles causes additional shrinkage, 450 

but the effect is mitigated by higher PF content, highlighting PF’s role in stabilizing 451 

soil deformation under combined W-D and vibrational conditions. 452 

This study highlights the effectiveness of PF reinforcement in improving the mechanical 453 

properties and crack resistance of clayey soils under cyclic W-D conditions and seismic 454 

activity for a specific worst-case compaction state and VE; future studies could focus on 455 

other types of fibers and impact of compaction state and PGA on fiber reinforced soils 456 

under coupling W-D and VE conditions. 457 
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 605 

Ac Crack area  

CI Cone index 

Dcl Crack line density 

ΔCIVE Percentage decrease in CI value after VE 

IP Plasticity index  

Ltc 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 

w0 Initial water content 

wopt Optimum water content 

d0 Initial dry unit weight 

 

 



 

 
Fig. 1 Selected material characteristics (a) grain size distribution curve; (b) compaction curve determined 

by standard compaction test; (c) fiber demonstration  
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Fig. 2 Methodology of the current study 

 

 

 

 

 

 

 

 

 

 



 

  
 

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 
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Fig. 4 Steps of crack image processing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
Fig. 6 Effect of densification on (a) Rsc; (b) Ltc; (c) Dcl of untreated samples 
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Fig. 7 Shaking spectra of selected VE (a) PGA: 0.30g; (b) PGA: 0.70g; (s) PGA: 1.16g, applied for about 

40 s 
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Fig. 8 Effect of VE on (a) Rsc; (b) Ltc; (c) Dcl of untreated samples considering w0: 18%; d0: 14.5 kN/m3 
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Fig. 9 Effect of W-D cycles and PF on cracks morphology 

 
 
 

 

 



  
 

Fig. 10 Effect of W-D cycles and PF on Rsc 
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Fig. 11 Effect of W-D cycles and PF on Dcl 
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Fig. 12 Effect of W-D cycles and PF on Ltc 
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Fig. 13 Effect of W-D cycles and VE on CI at depth of (a) 25.4 mm; (b) 50.8 mm; (c) 76.2 mm 
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Fig. 14 Effect of W-D cycles and VE on CIVE considering layer depth 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. 15 Effect of W-D cycles and PF on deformation  
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Table 1 Physical and chemical properties of selected soil 

Physical properties Values 
Chemical 

properties  
Values 

Clay content (%) 38.10 CaO 1.28 

Silt content (%) 56.60 SiO2 55.88 

Sand content (%) 5.30 Al2O3 24.524 

Liquid limit, wL (%) 44.50 Fe2O3 4.25 

Plasticity Index, IP 20.25 MgO 1.34 

Maximum dry unit weight, γdmax (kN/m3) 15.85 Na2O 1.06 

Optimum moisture content, wopt (%) 17.60 TiO2 0.69 

Soil classification (USCS) CL soil K2O 1.89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

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 µm 

Density 910 kg/m3 

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 

Analysis Test/Analysis 

Initial water 

content, w0 

(%) 

Initial dry unit 

weight, d0 

(kN/m3) 

Peak ground 

acceleration, PGA 

(g) 

Polypropylene 

fiber, PF (%)  
Assessment stages 

Desiccation 

crack 

analysis 

Image analysis 18 14.5 0.70 
 0, 0.2, 0.4, 0.6, 

0.8 
After 1st wetting, 1st 

drying, 2nd wetting, 2nd 

drying, vibration event 

 

Strength 

property 

Mexe cone 

penetrometer 
18 14.5 0.70 

 0, 0.2, 0.4, 0.6, 

0.8 

Deformation 

analysis 

Vernier 

Caliber 

measurements 

18 14.5 0.70 0, 0.2, 0.4, 0.6, 0.8 

Preliminary 

desiccation 

crack 

analysis 

Image analysis 

18 13, 14.5, 16 - - After 2nd W-D cycle 

18 14.5 0.30, 0.70, 1.16 - After vibration event 

 

 

 



Table 4 Specifications of shaking table 

Description Specifications 

Size of table 4 m x 4 m 

Maximum payload 12 ton 

Overturning moment 30 ton 

Maximum displacement ±250 mm 

Maximum velocity 1 m/s 

Maximum acceleration 2g 

 

 

 

 

 

 


