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Abstract 8 

Freeze-thaw (FT) cycling is a critical factor governing the degradation of strength, hydraulic 9 

stability, and durability of frost-susceptible soils in high-altitude Eastern Himalayan regions, 10 

posing major challenges for subgrades, embankments, and slope stability. This study investigates 11 

the mechanical behavior, permeability response, and microstructural evolution of polypropylene 12 

(PP) fiber-reinforced natural Himalayan soil subjected to laboratory conditioning and repeated 13 

FT cycles. Experimental evaluation was performed using unconfined compressive strength 14 

(UCS) testing, constant-head permeability testing, scanning electron microscopy (SEM), and 15 

SEM-EDS analysis. For UCS durability assessment, the untreated soil was evaluated under an 16 

extended FT program up to 90 cycles, whereas the PP fiber-reinforced soil was evaluated up to 17 

28 FT cycles. The untreated soil showed a time-dependent increase in UCS from 45.0 kPa 18 

initially to 69.7 kPa after 28 days of laboratory conditioning. The fiber content producing the 19 

highest measured zero-day UCS was determined from the fiber-dosage series. A maximum UCS 20 

of 125.67 kPa was obtained at 0.75% PP fiber content, and this value was subsequently adopted 21 

as the baseline for evaluating conditioning-related strength development and FT-induced strength 22 

degradation. Under FT exposure, the reinforced specimens exhibited nonlinear degradation, with 23 

rapid initial strength loss followed by gradual stabilization. After 28 FT cycles, the UCS 24 

decreased to 81.4 kPa, indicating effective residual strength retention. Permeability results 25 

showed that PP fiber inclusion also altered the hydraulic response. Before FT exposure, the mean 26 

coefficient of permeability decreased from 4.30 × 10-⁵ cm/s for untreated soil to 2.63 × 10-⁵ cm/s 27 

at 0.5% PP fiber content. After 4 FT cycles, permeability increased in all mixtures; however, 28 

reinforced specimens retained lower permeability than untreated soil, with the lowest post-FT 29 

value of 2.97 × 10-5 cm/s observed at 0.6% PP fiber content. These distinct mechanical and 30 

hydraulic response optima indicate that fiber dosage should be selected according to the 31 

governing performance requirement rather than on the basis of UCS alone. SEM observations 32 

revealed porous fabric, weak interparticle contacts, microvoids, and localized crack-like features, 33 

while SEM-EDS indicated relatively low calcium content and did not indicate a calcium-rich 34 

composition suggestive of cementitious products. These observations are consistent with, but do 35 

not independently establish, a predominantly physical reinforcement mechanism. Overall, PP 36 
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fibers improved the measured laboratory strength, hydraulic response, and FT resistance, 37 

indicating potential for further evaluation in cold-region geotechnical applications.  38 

Keywords: Polypropylene fiber-reinforced soil, freeze-thaw cycles, ground improvement, 39 

Himalayan subgrade, unconfined compressive strength, hydraulic conductivity, microstructural 40 

characterization, cold-region geotechnics. 41 

 42 

Introduction 43 

In cold and mountainous regions, repeated FT cycles represent one of the most severe 44 

environmental actions affecting near-surface soils. During freezing, pore water transforms into 45 

ice and expands by approximately 9%, promoting ice-lens formation, pore-volume increase, 46 

crack initiation, and disruption of interparticle contacts. During thawing, ice melting weakens 47 

particle bonding, redistributes moisture, increases porosity, and rearranges the soil fabric [1-4]. 48 

These processes progressively reduce the strength, stiffness, bearing capacity, hydraulic stability, 49 

and long-term durability of soils used in subgrades, embankments, slopes, and pavement-50 

supporting layers [5-8]. High-altitude areas of the Eastern Himalaya are particularly vulnerable 51 

to FT-induced deterioration because of pronounced seasonal and diurnal temperature 52 

fluctuations, prolonged sub-zero periods, high moisture availability from snowmelt and rainfall, 53 

and complex slope-subgrade interactions. These conditions promote frequent freezing and 54 

thawing, shallow frost penetration, moisture migration, microstructural disturbance, and 55 

progressive weakening of soil deposits, ultimately contributing to pavement distress, subgrade 56 

failure, slope instability, and premature deterioration of cold-region infrastructure. Therefore, 57 

understanding the coupled mechanical and hydraulic response of Eastern Himalayan soils under 58 

FT action is essential for reliable and region-specific geotechnical design. 59 

Previous studies have consistently shown that FT cycling degrades untreated and stabilized soils, 60 

although the rate and magnitude of deterioration depend strongly on soil type, moisture 61 

condition, stabilizer type, freezing temperature, and number of cycles. Fine-grained and frost-62 

susceptible soils are particularly sensitive because ice segregation and thaw weakening alter 63 

volume, fabric, pore structure, and strength [1, 5, 6]. Ding et al. [2] reported a sharp reduction in 64 

UCS during the early FT cycles in cement-treated and polypropylene (PP) fiber-cement-65 

stabilized clay, followed by a slower rate of degradation in later cycles. Similar early-stage 66 

damage followed by gradual stabilization has been reported for lime-treated, lignosulfonate-67 

treated, calcium sulfoaluminate cement (CSA)-treated, and geopolymer-stabilized soils [3, 9-11]. 68 

Studies on landslide-prone and pavement-supporting soils have also demonstrated that FT action 69 

reduces strength, stiffness, California bearing ratio, and serviceability of subgrade systems [8, 70 

12-14]. These findings confirm that FT-induced degradation is a major durability concern; 71 

however, the response is highly material- and region-dependent, requiring direct evaluation of 72 

locally available soils exposed to site-specific environmental conditions. 73 



Discrete fiber reinforcement has emerged as a practical method for improving the mechanical 74 

behavior of soils under adverse loading and environmental conditions. PP fibers are particularly 75 

attractive for cold-region applications because of their low density, hydrophobic nature, chemical 76 

inertness, high tensile strength, resistance to degradation, and ease of mixing with soil. Unlike 77 

chemical stabilizers, PP fibers primarily improve soil behavior through physical mechanisms, 78 

including tensile resistance, fiber-soil interlocking, crack bridging, restraint of deformation, and 79 

stress redistribution. Malekzadeh and Bilsel [15] showed that PP fibers can reduce accumulated 80 

permanent strain under cyclic loading, while [16-18] demonstrated the role of fibers in 81 

improving tensile resistance and limiting crack development in soil and pavement-related 82 

materials. Recent studies have also reported improved ductility and post-peak behavior in fiber-83 

reinforced soils and stabilized geomaterials [19, 20]. These characteristics make PP fibers a 84 

promising reinforcement option for subgrade soils subjected to cyclic freezing and thawing. 85 

A substantial body of literature confirms that PP fiber inclusion can improve UCS and ductility 86 

of soils. Zaimoglu [5] reported that the UCS of fine-grained soil subjected to FT cycles increased 87 

with PP fiber content, while [21] showed that PP fiber addition increased UCS before and after 88 

FT exposure and reduced frost heave. Strength improvement due to PP fiber inclusion has also 89 

been reported in cement-treated, lignosulfonate-treated, CSA-treated, geopolymer-stabilized, 90 

loess, and residual soil systems [2, 22, 23]. However, these studies also indicate that fiber 91 

reinforcement is not linearly beneficial at all dosages. Beyond an optimum fiber content, 92 

clustering, poor dispersion, increased void ratio, weak fiber-soil interfaces, reduced soil-soil 93 

contact, and lower compaction efficiency may reduce strength and durability [11, 18, 22, 24]. 94 

Therefore, identifying the fiber dosage associated with the desired mechanical response for a 95 

specific regional soil is necessary before evaluating its FT durability. 96 

Under FT exposure, fiber-reinforced soils generally retain higher residual strength than 97 

unreinforced soils. Ghazavi and Roustaie [21] observed improved UCS before and after FT 98 

cycling with PP fiber addition, while [25] reported that reinforcement reduced strength loss from 99 

43% in unreinforced soil to 32% in reinforced soil. Similar improvements in post-FT strength 100 

retention and ductility have been reported for PP fiber-reinforced soils and PP fiber-binder 101 

systems [1-3, 26]. Lignosulfonate-, CSA-, biopolymer-, and alkali-activated systems further 102 

indicate that fibers can reduce damage accumulation and improve residual strength after repeated 103 

FT cycling [4, 9, 10, 27]. Studies using other fibers or composite fiber-stabilizer systems support 104 

the broader conclusion that discrete reinforcement limits crack growth, redistributes stress, and 105 

helps preserve internal structural integrity under cyclic freezing and thawing [7, 13, 28, 29]. 106 

In addition to strength degradation, permeability is a critical hydraulic response governing 107 

drainage capacity, pore-water migration, frost susceptibility, and long-term serviceability of 108 

subgrade soils in cold regions. FT cycling can enlarge pores, increase macropore volume, 109 

promote microcrack formation, and develop connected seepage pathways, leading to higher 110 

hydraulic conductivity and greater hydraulic vulnerability [30-32]. PP fibers may alter the 111 

permeability response by modifying soil fabric, pore continuity, and crack propagation 112 



mechanisms. At appropriate dosages, randomly distributed PP fibers can restrict crack 113 

development and reduce the connectivity of preferential flow paths, whereas excessive fiber 114 

inclusion may disturb particle packing, increase voids, and generate weak fiber-soil interfaces 115 

that enhance pore interconnection [33-35]. Therefore, permeability should not be treated as a 116 

secondary response in cold-region reinforced soils. Instead, it must be evaluated together with 117 

strength because FT-induced pore expansion and crack connectivity can directly control both 118 

hydraulic stability and mechanical durability. 119 

Microstructural investigations using scanning electron microscopy (SEM) provide direct 120 

evidence for the mechanisms controlling strength improvement, hydraulic response, and FT 121 

degradation. Roustaei et al. [25] observed that FT cycling increased large pores and reduced 122 

cohesion between soil particles and PP fibers, while fibers acted as tensile elements that limited 123 

strength loss. Liu et al. [36] reported that FT cycles loosened the soil surrounding fibers and 124 

reduced interfacial contact; nevertheless, the spatial stress network formed by discrete fibers 125 

continued to redistribute load. Kravchenko et al. [37] showed that PP fibers retained their 126 

geometry after FT exposure and dynamic loading, supporting their durability in cold-region soils. 127 

In binder-treated systems, SEM studies have shown that hydration products, fiber-matrix contact, 128 

pore filling, and interlocking improve matrix integrity [3, 22, 23, 38]. Other SEM-based studies 129 

have highlighted the importance of fiber distribution, crack bridging, interfacial friction, pore 130 

refinement, and matrix cracking in controlling strength and ductility under FT exposure [4, 11, 131 

16, 24]. However, most microstructural studies have focused on controlled clay, silt, loess, 132 

residual soil, or binder-treated systems, while natural Himalayan subgrade soils remain 133 

insufficiently investigated. 134 

Despite these advances, a critical regional research gap remains. Existing studies on PP fiber-135 

reinforced soils under FT conditions have been conducted mainly on clayey soils, silts, loess, 136 

cement-stabilized soils, geopolymer-stabilized soils, residual soils, or laboratory-controlled soil-137 

binder systems. These materials do not fully represent the naturally occurring, weathered, well-138 

graded sand with silt (SW-SM) soils encountered in high-altitude Eastern Himalayan corridors. 139 

In particular, frost-affected subgrade soils from the Sela Pass region of Arunachal Pradesh 140 

experience a distinctive combination of high elevation, severe seasonal freezing, snowmelt-141 

driven moisture availability, steep terrain, weathered parent material, and infrastructure 142 

vulnerability along strategic mountain highways. However, these soils have not been 143 

systematically evaluated for PP fiber reinforcement under repeated FT cycles. This regional gap 144 

is significant because the performance of fiber-reinforced soil depends strongly on local 145 

gradation, fines content, mineralogy, compaction condition, moisture regime, and FT exposure 146 

environment. Consequently, design recommendations derived from non-Himalayan soils or 147 

chemically stabilized matrices may not be directly transferable to Eastern Himalayan subgrade 148 

conditions. A second gap concerns the limited integration of mechanical, hydraulic, and 149 

microstructural responses in natural cold-region soils. Many previous studies have examined 150 

UCS improvement or FT durability, while fewer have simultaneously assessed permeability 151 



evolution, strength degradation, strength retention, SEM-based soil fabric changes, and SEM-152 

EDS-based evidence to distinguish physical reinforcement from chemical stabilization. For 153 

natural PP fiber-reinforced Himalayan soil, the relationship among fiber dosage, FT-induced 154 

UCS degradation, permeability change, crack development, pore connectivity, and 155 

microstructural evolution remains poorly established. This lack of integrated understanding 156 

limits the ability to design reinforced subgrades that satisfy both mechanical stability and 157 

hydraulic durability requirements under cold-region service conditions. 158 

Accordingly, the present study addresses this regional and scientific gap by experimentally 159 

investigating PP fiber-reinforced natural Himalayan subgrade soil collected from the Sela Pass 160 

region of Arunachal Pradesh, Eastern Himalaya. The specific objectives are to: (i) evaluate the 161 

time-dependent UCS response of untreated soil under laboratory conditioning; (ii) determine the 162 

PP fiber content producing the highest measured zero-day UCS within the investigated dosage 163 

range; (iii) assess the permeability response of untreated and PP fiber-reinforced soils before and 164 

after FT exposure; (iv) evaluate the conditioning-related strength development and FT-induced 165 

strength degradation of soil reinforced with the selected 0.75% PP fiber content; and (v) interpret 166 

the reinforcement and degradation mechanisms using SEM and SEM-EDS analyses. By 167 

integrating strength, permeability, and microstructural evidence, this study provides region-168 

specific experimental insight into the performance of PP fiber-reinforced Eastern Himalayan 169 

subgrade soil. The findings provide laboratory-scale evidence relevant to further evaluation of PP 170 

fiber reinforcement for cold-region geotechnical applications in high-altitude Himalayan 171 

environments. 172 

Materials 173 

Soil 174 

The SW-SM soil sample was collected from a frost-susceptible side slope along National 175 

Highway 13 in the high-altitude region of Arunachal Pradesh, Eastern Himalaya. The sampling 176 

location is situated near the Sela Pass in Tawang district (27.50519890° N, 92.10466340° E), at 177 

an elevation exceeding 4000 m above mean sea level. This region is characterized by prolonged 178 

sub-zero winter temperatures, significant seasonal FT cycling, and recurrent slope instability, 179 

making it representative of cold-region subgrade and slope materials. A representative view of 180 

the sampling site is shown in Figure 1 (a) and (b), illustrating the terrain conditions and physical 181 

features of the site. To obtain representative soil samples, an open pit excavation was carried out 182 

to a depth of approximately 1.5 m after removing the organic-rich topsoil layer. Sampling below 183 

the active organic horizon was adopted to minimize the influence of vegetation, surface 184 

weathering, and seasonal moisture variations. This approach ensures that the collected material 185 

adequately represents the in-situ soil governing mechanical behavior under FT conditions. 186 

Physical Characterization of Soil 187 



The physical and index properties of the soil were determined in accordance with Bureau of 188 

Indian Standard, IS: 2720. The measured properties, including grain size distribution and 189 

compaction characteristics, are summarized in Table 1. The grain size distribution curve of the 190 

soil is presented in Figure 2, which indicates a well-graded particle distribution with a dominant 191 

sand fraction and a minor proportion of fines. Based on the Unified Soil Classification System 192 

(USCS), the soil is classified as SW-SM. The presence of a well-graded sandy matrix combined 193 

with a non-negligible silt fraction is particularly significant in cold-region geotechnics, as such 194 

soils are susceptible to moisture migration, pore ice formation, and progressive fabric alteration 195 

under FT cycling. These characteristics make the selected soil suitable for investigating FT-196 

induced strength degradation and evaluating the effectiveness of PP fiber reinforcement in 197 

improving UCS and durability under cold-region conditions. 198 

Polypropylene Fiber 199 

PP fiber was used as discrete reinforcement to enhance the strength and FT resistance of the 200 

Eastern Himalayan soil. A representative image of the fibers used in this study is shown in Figure 201 

3. The physical and mechanical properties of the PP fibers used in this study are summarized in 202 

Table 2. PP is a synthetic thermoplastic polymer characterized by low density, high tensile 203 

strength, chemical inertness, and negligible water absorption, making it well suited for cold-204 

region geotechnical applications subjected to repeated FT cycling. In the present study, fibers 205 

with a nominal length of 12 mm were selected to promote effective crack bridging and tensile 206 

load transfer within the soil matrix under FT-induced stresses. The PP fibers used in this study 207 

had a specific gravity of approximately 0.92 and a nominal length of 12 mm; their physical and 208 

mechanical properties are summarized in Table 2. 209 

Methodology 210 

Preparation of UCS Specimens 211 

Specimens for UCS testing were prepared in accordance with IS 2720 (Part 10) [39]. Cylindrical 212 

UCS specimens were prepared with a diameter of 38 mm and a height of 76 mm, maintaining a 213 

height-to-diameter ratio of 2:1. All specimens were prepared at the OMC of 13.2% and 214 

compacted to the target MDD of 1.83 g/cm³, as determined from the standard Proctor 215 

compaction test. For fiber-reinforced specimens, the required fiber mass was determined 216 

gravimetrically based on the dry mass of soil. Before mixing, the PP fibers were manually 217 

separated to loosen fiber bundles and minimize entanglement. The fibers were then added 218 

gradually in small portions to the dry soil while continuously mixing, rather than being 219 

introduced as a single mass, to promote uniform distribution and reduce localized balling or 220 

clustering. After dry mixing, water corresponding to the OMC was added gradually, and mixing 221 

was continued until a visually homogeneous soil-fiber mixture was obtained. The prepared 222 

mixture was compacted in layers inside cylindrical split molds to achieve the target dry density. 223 

The same specimen geometry, target OMC and MDD, mixing procedure, and layered-224 



compaction method were maintained for all replicate specimens to minimize preparation-related 225 

variability. After compaction, the specimens were carefully extruded, sealed to minimize 226 

moisture loss, and laboratory-conditioned under laboratory storage conditions. To determine the 227 

PP fiber content producing the highest measured zero-day UCS, separate UCS specimens were 228 

prepared with fiber contents of 0.50%, 0.55%, 0.60%, 0.65%, 0.70%, 0.75%, 0.80%, 0.85%, 229 

0.90%, 0.95%, and 1.00% by dry weight of soil. These specimens were tested immediately after 230 

preparation (zero-day condition), without an intervening laboratory conditioning period. Three 231 

replicate specimens were tested at each fiber content. The highest mean zero-day UCS of 125.67 232 

kPa was obtained at 0.75% PP fiber content; therefore, 0.75% PP fiber was selected as the fiber 233 

content producing the highest measured zero-day mean UCS within the investigated dosage 234 

range for the subsequent laboratory conditioning and freeze-thaw investigations. The UCS value 235 

of 125.67 kPa obtained for 0.75% PP fiber in the optimization series was adopted as the common 236 

zero-day/zero-cycle baseline. Separate specimens containing 0.75% PP fiber were subsequently 237 

prepared for the laboratory conditioning and FT exposure programs. For the laboratory 238 

conditioning series, specimens were tested after 1, 3, 5, 7, 10, 15, 20, and 28 days of laboratory 239 

conditioning. For the FT series, separate specimens were subjected to 1, 3, 5, 7, 10, 15, 20, and 240 

28 FT cycles. Thus, the zero-day laboratory-conditioning condition and zero-cycle FT condition 241 

correspond to the same initial reference state, represented by the zero-day mean UCS of 125.67 242 

kPa for the 0.75% PP fiber condition. The specimen prepared is shown in Figure 4(a) and Figure 243 

4(b). For the untreated-soil time-dependent UCS assessment, separate triplicate specimens were 244 

prepared for each designated laboratory-conditioning duration. Following compaction and 245 

extrusion, the specimens were sealed to minimize moisture exchange with the surrounding 246 

environment and maintained under laboratory storage conditions until the assigned testing age. 247 

The laboratory storage temperature and relative humidity were not systematically monitored or 248 

recorded during the conditioning program; therefore, these environmental conditions cannot be 249 

reported retrospectively. Separate specimens were tested at each conditioning age; therefore, no 250 

specimen was repeatedly tested during the conditioning program. Because the untreated soil 251 

contained no cementitious or chemical stabilizer, the storage period is referred to as laboratory 252 

conditioning rather than curing. Specimen mass change, water content at the time of UCS 253 

testing, degree of saturation, matric suction, and drying shrinkage were not systematically 254 

monitored during the conditioning period. Consequently, the individual contributions of moisture 255 

redistribution, suction development, and soil-fabric rearrangement to the observed time-256 

dependent UCS variation could not be independently quantified. 257 

Preparation of Permeability Specimens 258 

Permeability specimens were prepared in accordance with IS 2720 (Part 17) [40] by compacting 259 

the soil directly in cylindrical permeability moulds having an internal diameter of 8.0 cm and a 260 

specimen height of 6.5 cm as shown in Figure 5 (a). The specimens were prepared at the same 261 

optimum moisture content (OMC) and target maximum dry density (MDD) used for UCS 262 

testing, namely 13.2% and 1.83 g/cm³, respectively. After compaction the specimens were 263 



wrapped with thin plastic film to control moisture variation during FT process as shown in 264 

Figure 5 (b). For reinforced specimens, PP fibers were incorporated at contents of 0.1%, 0.2%, 265 

0.3%, 0.4%, 0.5%, 0.6%, 0.7%, and 0.8% by dry weight of soil. The same incremental fiber-266 

separation and dry-mixing procedure described for the UCS specimens was used to minimize 267 

fiber balling and localized clustering, after which water corresponding to the OMC was gradually 268 

added and the mixture was thoroughly blended. The mixtures were compacted in layers within 269 

the permeability mould to achieve the target dry density. Separate specimens were prepared for 270 

the pre-FT and post-FT permeability assessments, with three replicate specimens for each fiber 271 

content and exposure condition. Before permeability measurement, the mould containing the 272 

compacted specimen was immersed in water for 24 h to promote specimen saturation. Because 273 

the final degree of saturation was not independently measured, the 24 h immersion period is 274 

reported as the adopted saturation/preconditioning procedure rather than as verification of 275 

complete saturation. The fiber-dosage ranges were selected as planned experimental ranges 276 

based on previous studies of PP fiber-reinforced soils and the specific objectives of the two test 277 

programs, rather than through a separate preliminary optimization program. Previous studies 278 

have investigated PP fiber contents over relatively broad ranges, including 0.25-2.0%, 0.5-1.5%, 279 

and 0-1.0% by dry weight of soil [5, 15, 25]. For the UCS program, the range of 0.50-1.00% was 280 

therefore investigated at finer 0.05% increments to resolve the fiber content associated with the 281 

maximum measured UCS more closely. In contrast, the permeability program used 0.1-0.8% PP 282 

at 0.1% increments to characterize the broader hydraulic response to increasing fiber content 283 

rather than to identify a UCS-based optimum. Fiber dosage was controlled gravimetrically using 284 

a balance with a readability of 0.01 g, and the required fiber mass was calculated relative to the 285 

dry mass of soil for each mixture.  286 

Unconfined Compressive Strength (UCS) 287 

UCS tests were conducted in accordance with IS 2720 (Part 10) [39]. The tests were performed 288 

using a strain-controlled loading system at a constant axial strain rate of 1.25 mm/min. During 289 

testing, the axial load and corresponding deformation were continuously recorded until failure. 290 

The UCS was determined as the peak axial stress sustained by the specimen. Where no distinct 291 

peak was observed, the maximum recorded axial stress during loading was considered as the 292 

UCS. Although the soil was sand-dominated, the compacted specimens remained self-supporting 293 

after extrusion because of dense particle packing, the fines fraction, interparticle friction, and 294 

apparent cohesion associated with the partially saturated compacted state. Matric suction was not 295 

directly measured; therefore, its contribution is considered interpretative rather than 296 

quantitatively established. For FT-conditioned specimens, UCS testing was carried out 297 

immediately after completion of the designated number of FT cycles to minimize the effects of 298 

post-thaw moisture redistribution and structural recovery. The reported UCS values represent the 299 

mean of three replicate specimens, and the corresponding standard deviations were used to assess 300 

repeatability. 301 

Permeability 302 



The constant-head method was selected because the investigated SW-SM soil is dominated by 303 

coarse particles, comprising approximately 79.21% sand and 11.60% gravel, with only about 304 

9.18% silt-plus-clay fines. The predominantly granular fabric permitted a measurable continuous 305 

discharge under the imposed hydraulic head. Moreover, the measured permeability values were 306 

of the order of 10-5 cm/s, which lies within the permeability range covered by IS 2720 (Part 17) 307 

[40]. Therefore, the constant-head arrangement was considered appropriate for obtaining 308 

reproducible comparative hydraulic-conductivity measurements for the untreated and PP fiber-309 

reinforced SW-SM specimens. Cylindrical specimens with a diameter of 8.0 cm and a height (L) 310 

of 6.5 cm were tested, corresponding to a cross-sectional area of approximately 50.27 cm². Prior 311 

to permeability testing, the mould containing the compacted specimen was immersed in water for 312 

24 h as the adopted saturation/preconditioning procedure. Because the final degree of saturation 313 

was not independently measured, complete saturation is not assumed. The specimen was then 314 

securely seated in the permeability apparatus to minimize sidewall or bypass flow. Water was 315 

allowed to flow vertically downward, from the top surface to the bottom surface of the specimen 316 

under a constant hydraulic head (h) of 82 cm. The corresponding applied hydraulic gradient, 317 

i=h/L, was approximately 12.62. Following establishment of seepage under the applied constant 318 

head, the discharge water was collected in a graduated measuring vessel. Each discharge 319 

observation was recorded over a fixed duration of 60 seconds. The coefficient of permeability 320 

was calculated from the constant-head relationship 321 

𝑘 =
𝑄𝐿

𝐴ℎ𝑡
 322 

where Q is the volume of water collected during the observation interval, L is the specimen 323 

height, A is the specimen cross-sectional area, h is the applied hydraulic head, and t is the 324 

collection time. The permeant water was used at ambient laboratory room temperature; water 325 

temperature was not independently thermostatically controlled during testing. After steady 326 

seepage was established, three successive 60 second discharge observations were recorded for 327 

each specimen. 328 

Freeze-Thaw Cycling Procedure 329 

For the UCS specimens, FT cycling was carried out under closed-system conditions using a 330 

programmable deep freezer. The specimens were prepared at the OMC of 13.2% and compacted 331 

to the target MDD of 1.83 g/cm³. For the untreated soil, using the measured specific gravity of 332 

2.68, the nominal initial void ratio calculated from the target dry density was approximately 333 

0.464, corresponding to a nominal porosity of approximately 31.7%. Using the target water 334 

content of 13.2%, the corresponding nominal initial degree of saturation was approximately 335 

76.2%. Thus, the untreated UCS specimens were initially in a partially saturated condition. These 336 

values were calculated from the target compaction conditions and should be regarded as nominal 337 

values rather than specimen-specific measurements. After preparation, the specimens were 338 

wrapped and sealed with thin plastic film throughout FT exposure to minimize moisture 339 



exchange with the surrounding environment. The sealed plastic wrapping was visually inspected 340 

during handling and remained intact throughout the designated FT exposure. No external water 341 

was added during cycling, and no intentional drainage was permitted during thawing. One FT 342 

cycle consisted of freezing at -15 °C for 12 h followed by thawing at a laboratory temperature of 343 

20 ± 3 °C for 12 h, giving a total cycle duration of 24 h. The reported freezing and thawing 344 

temperatures refer to the imposed chamber and laboratory exposure conditions, respectively. 345 

Specimen-core temperature was not instrumentally monitored, and an independent temperature-346 

time record was not obtained during the original experimental program. Therefore, although each 347 

specimen was subjected to the prescribed 12-h freezing and 12-h thawing periods, attainment of 348 

the target temperature throughout the specimen core and complete internal thawing before 349 

initiation of the subsequent cycle could not be independently verified. No directional freezing 350 

boundary was intentionally imposed; the wrapped specimens were exposed to the freezer 351 

environment without insulation designed to restrict freezing to a single direction. Frost heave, 352 

axial deformation, volumetric strain, and visible crack development were not instrumentally or 353 

quantitatively monitored during FT cycling. Specimen mass and water content were also not 354 

systematically recorded before and after cycling. The untreated specimens were subjected to 0, 3, 355 

5, 7, 14, 28, 56, and 90 FT cycles, whereas the 0.75% PP fiber-reinforced specimens were 356 

subjected to 0, 1, 3, 5, 7, 10, 15, 20, and 28 FT cycles, with three independently prepared 357 

replicate specimens tested at each condition.  358 

For the permeability specimens, the same freezing and thawing temperatures and durations were 359 

adopted. The specimens were prepared at the OMC of 13.2% and compacted to the target MDD 360 

of 1.83 g/cm³, after which they were sealed with thin plastic film to minimize moisture exchange 361 

during FT exposure. The post-FT permeability specimens were subjected to four FT cycles, with 362 

each cycle consisting of freezing at -15 °C for 12 h followed by thawing at 20 ± 3 °C for 12 h. 363 

Three independently prepared replicate specimens were used for each fiber content and exposure 364 

condition. After completion of the prescribed FT cycles, the specimens were subjected to the 24-365 

h immersion preconditioning procedure described above before measurement of permeability 366 

using the constant-head method. Experimental matrix for PP fiber optimization, laboratory 367 

conditioning, and freeze-thaw durability testing are presented in Table 3. 368 

SEM and SEM-EDS Analysis 369 

Scanning electron microscopy (SEM) was used for qualitative microstructural assessment of 370 

untreated and PP fiber-reinforced soil before and after FT exposure. Representative fragments 371 

were taken from the central portions of failed UCS specimens. For each SEM condition, one 372 

specimen was examined and seven fields of view were inspected. Figures 12 and 13 present 373 

representative recurring features observed across these fields. Selected conditions, rather than 374 

every fiber dosage or FT level, were examined. SEM imaging was performed using a JEOL 375 

JSM-6390 in secondary-electron mode at 20 kV and a 10 mm working distance. Micrographs 376 

were acquired at 100× to 5500× depending on the feature of interest; therefore, identical 377 

magnification was not maintained across all images. Comparisons are accordingly qualitative 378 



and are not used to quantify pore size, crack density, or pore area. Energy-dispersive X-ray 379 

spectroscopy (EDS) was used to characterize elemental composition and provide supplementary 380 

evidence for microstructural interpretation. SEM-EDS was not treated as direct proof of specific 381 

mechanical reinforcement mechanisms or mineralogical reaction products. 382 

Statistical Analysis  383 

All UCS and permeability results are reported as the mean ± sample standard deviation (SD) 384 

based on three independently prepared replicate specimens (n=3) for each experimental 385 

condition. The reported SD represents the sample standard deviation calculated from the three 386 

independent replicate measurements using an n - 1 denominator, rather than the standard error or 387 

population standard deviation. No tested specimens or replicate results were excluded from the 388 

reported UCS or permeability datasets; all three independently prepared replicate measurements 389 

obtained for each reported experimental condition were included in the calculation of the mean 390 

and sample standard deviation. For the zero-day UCS fiber-dosage series, differences among the 391 

investigated PP fiber contents (0.50-1.00%) were evaluated using one-way analysis of variance 392 

(ANOVA) at a significance level of α=0.05. Where the ANOVA indicated a significant overall 393 

effect of fiber content, Tukey’s honestly significant difference (HSD) post-hoc test was used for 394 

pairwise comparison of the dosage means. Statistical significance was accepted at p < 0.05. 395 

Particular attention was given to comparison of the 0.75% fiber dosage with the neighboring 396 

0.70%, 0.80%, and 0.85% dosages to determine whether the observed maximum mean UCS was 397 

statistically distinguishable within the investigated dosage range. 398 

Results and Discussion 399 

Comparative Effects of Laboratory Conditioning and Freeze-Thaw Exposure on the 400 

Unconfined Compressive Strength of Untreated Soil 401 

The variation in UCS of untreated soil with laboratory conditioning duration and FT exposure is 402 

presented in Table 4 and Figure 6. The FT results presented in this section correspond to the 403 

extended exposure program conducted specifically on the untreated soil. Specimens were 404 

subjected to 0, 3, 5, 7, 14, 28, 56, and 90 FT cycles, with three independently prepared replicate 405 

specimens tested at each condition. This extended program was adopted to establish the long-406 

term baseline deterioration behavior of the natural soil and was distinct from the 0-28-cycle FT 407 

durability program used for the PP fiber-reinforced specimens. Mean UCS values and 408 

corresponding standard deviations were determined from triplicate specimens. The results 409 

demonstrate two contrasting responses of the untreated soil: time-dependent increase in UCS 410 

during laboratory conditioning and continuous strength degradation under repeated FT exposure. 411 

The UCS of the untreated soil increased from 45.0 ± 1.3 kPa at the initial condition to 49.87 ± 412 

0.85 kPa, 55.23 ± 0.90 kPa, and 57.36 ± 0.60 kPa after 3, 5, and 7 days of laboratory 413 

conditioning, respectively. Continued laboratory conditioning further increased the UCS to 64.52 414 

± 0.22 kPa at 14 days and 69.70 ± 0.68 kPa at 28 days. Thereafter, the rate of strength gains 415 



gradually diminished, reaching 71.40 ± 0.76 kPa and 73.10 ± 0.44 kPa after 56 and 90 days, 416 

respectively. Overall, the UCS increased by approximately 62.4% relative to the initial condition. 417 

The nonlinear trend indicates that the majority of strength development occurred during the first 418 

28 days of laboratory conditioning, after which the soil approached a relatively stable structural 419 

state. Similar laboratory conditioning-induced strength evolution has been reported for 420 

compacted and stabilized soils, where progressive fabric stabilization and improved stress 421 

transfer efficiency govern long-term strength development [4, 9]. The observed time-dependent 422 

increase in UCS should not be interpreted as conventional curing because the untreated soil 423 

contained no cementitious or chemical stabilizer. The increase may be associated with 424 

progressive moisture redistribution, development of matric suction, changes in interparticle 425 

contact, and rearrangement or stabilization of the compacted soil fabric during sealed laboratory 426 

storage. However, specimen mass change, water content, degree of saturation, matric suction, 427 

and drying shrinkage were not systematically measured at each conditioning age. Therefore, the 428 

relative contribution of these mechanisms cannot be determined conclusively from the present 429 

experimental program. Comparable observations have been reported by [13, 19, 20], who 430 

highlighted the significant influence of laboratory conditioning duration on the mechanical 431 

behavior of geomaterials. 432 

In contrast, repeated FT exposure resulted in a continuous reduction in UCS. Relative to the 433 

initial strength of 45.0 kPa, the UCS decreased to 41.2 ± 1.10 kPa after 3 FT cycles, representing 434 

an 8.4% reduction. Further decreases were observed with increasing FT exposure, with UCS 435 

values declining to 38.8 ± 0.88 kPa, 36.5 ± 0.47 kPa, and 32.4 ± 0.67 kPa after 5, 7, and 14 436 

cycles, respectively. After prolonged FT exposure, the UCS further decreased to 28.1 ± 0.52 kPa 437 

at 28 cycles, 23.9 ± 1.30 kPa at 56 cycles, and 21.5 ± 1.06 kPa at 90 cycles. The overall 438 

reduction of approximately 52.2% demonstrates the severe deterioration induced by cyclic 439 

freezing and thawing. This strength loss is attributed to cumulative microstructural damage 440 

generated by repeated water-ice phase transformations within the pore network. During freezing, 441 

the volumetric expansion of pore water generates internal stresses that disrupt interparticle 442 

contacts and initiate microcracking, while subsequent thawing promotes structural softening and 443 

moisture redistribution [3, 11]. Repeated FT cycles progressively increase pore connectivity and 444 

weaken the integrity of the soil skeleton, resulting in a continuous decline in compressive 445 

resistance [23, 26]. The greater rate of strength reduction observed during the initial FT cycles 446 

suggests rapid degradation of the most vulnerable structural features, whereas the lower 447 

degradation rate at higher cycle numbers indicates that substantial damage had already 448 

accumulated within the soil matrix. Because specimen water content and degree of saturation 449 

were not monitored during FT cycling, these FT results represent the response of specimens 450 

prepared at the nominal initial moisture and compaction conditions described in the 451 

methodology. Consequently, any changes in moisture content or degree of saturation during 452 

repeated FT exposure, and their contribution to the measured strength degradation, could not be 453 

independently quantified. 454 



A direct comparison of the two trends highlights the fundamentally opposite influence of 455 

laboratory conditioning and FT exposure on untreated soil behavior. While laboratory 456 

conditioning was associated with a gradual increase in UCS, FT exposure continuously 457 

weakened the soil through progressive deterioration of the soil skeleton. After 90 days of 458 

laboratory conditioning, the UCS reached 73.10 kPa, whereas after 90 FT cycles it decreased to 459 

21.5 kPa. Consequently, the laboratory-conditioned soil exhibited a strength approximately 3.4 460 

times greater than that of the FT-damaged soil. Figure 6 clearly illustrates the divergence 461 

between the two responses, emphasizing that FT-induced deterioration can progressively 462 

outweigh the beneficial effects of laboratory conditioning when no stabilization measure is 463 

incorporated. These findings establish a critical baseline for assessing the effectiveness of 464 

polypropylene fiber reinforcement in mitigating FT-induced damage and maintaining soil 465 

strength under cold-region environmental conditions. 466 

Determination of Fiber Content for Maximum UCS 467 

The effect of PP fiber content on the zero-day UCS of the studied soil is presented in Table 5 and 468 

Figure 7. The specimens used for fiber-content optimization were tested immediately after 469 

preparation, without an intervening laboratory conditioning period, and three replicate specimens 470 

were tested at each fiber dosage. The results show a nonlinear dependence of UCS on PP fiber 471 

content, with strength increasing up to 0.75% fiber content and decreasing at higher dosages. The 472 

maximum mean UCS of 125.67 kPa was obtained at 0.75% PP fiber content; therefore, this 473 

dosage was selected for the subsequent laboratory conditioning and FT durability investigations. 474 

The measured UCS of 125.67 kPa at 0.75% PP fiber content was subsequently used as the 475 

common zero-day/zero-cycle reference for evaluating time-dependent UCS development during 476 

laboratory conditioning and FT-induced strength degradation. At a fiber content of 0.50%, the 477 

UCS was 79.66 kPa, increasing steadily to 95.34 kPa and 105.76 kPa at 0.55% and 0.60%, 478 

respectively. Further increases in fiber content resulted in UCS values of 112.33 kPa and 118.33 479 

kPa at 0.65% and 0.70%, with a maximum UCS of 125.67 kPa at 0.75% fiber content. The 480 

increase in UCS at low to intermediate fiber contents can be attributed to improved fiber-soil 481 

interaction, tensile resistance, crack bridging, stress redistribution, and mechanical interlocking. 482 

These mechanisms are consistent with studies showing that PP fibers increase UCS and ductility 483 

in untreated and stabilized soils [2, 5, 9, 21]. Similar improvements in tensile resistance, 484 

deformation resistance, and post-peak performance have been reported in stabilized geomaterials 485 

and pavement-related materials [4, 17, 19, 24]. The 0.75% fiber content producing the highest 486 

measured zero-day UCS in this study falls within the broad dosage range reported in the literature, 487 

although the dosage associated with maximum strength varies with soil type, fiber geometry, binder 488 

content, and compaction condition [10, 11, 22]. Beyond 0.75%, UCS decreased to 121.40, 118.00, 489 

108.30, 82.86, and 65.24 kPa at 0.80%, 0.85%, 0.90%, 0.95%, and 1.00% fiber content, 490 

respectively. This reduction is attributed to fiber clustering, nonuniform distribution, increased 491 

voids, reduced soil-soil contact, and lower compaction efficiency, as also observed by [10, 18, 492 

23, 24]. Similar physical reinforcement roles have also been identified in studies on swell-shrink 493 



control, cyclic loading resistance, and tensile cracking behavior of PP fiber-reinforced soils [15, 494 

16, 41]. 495 

A one-way ANOVA conducted across the eleven investigated fiber dosages indicated a 496 

statistically significant effect of PP fiber content on zero-day UCS, F (10, 22) =1533.83, 497 

p<0.001. Tukey's HSD post-hoc analysis further showed that the mean UCS at 0.75% PP fiber 498 

was significantly higher than those at the neighboring 0.70%, 0.80%, and 0.85% dosages 499 

(p<0.001 for each comparison). The corresponding differences in mean UCS were 7.34, 4.27, 500 

and 7.67 kPa, respectively. Thus, within the investigated zero-day UCS series, the measured peak 501 

at 0.75% PP fiber was statistically distinguishable from the adjacent tested dosages. 502 

Nevertheless, because the analysis was based on three replicate specimens per dosage and on a 503 

single soil-fiber system, 0.75% is interpreted as the statistically supported maximum within the 504 

investigated experimental range rather than as a universal optimum fiber content. 505 

Accordingly, 0.75% PP fiber was identified as the fiber content producing the highest measured 506 

zero-day mean UCS within the investigated dosage range, and this maximum was statistically 507 

distinguishable from the neighboring tested dosages based on Tukey's HSD analysis. This 508 

highlights the importance of selecting an appropriate fiber dosage for cold-region soils, because 509 

insufficient fiber content may not form an effective reinforcement network, whereas excessive 510 

fiber content may increase voids, reduce soil continuity, and increase susceptibility to FT 511 

damage. The observed reduction in UCS beyond 0.75% fiber content agrees with studies in 512 

which excessive fiber addition caused clustering or poor dispersion [22-24]. Similar reductions 513 

in strength at higher fiber contents have also been reported for residual soils and geopolymer-or 514 

CSA-treated systems [10, 11, 18]. 515 

Comparative UCS Response of 0.75% PP Fiber-Reinforced Soil under Laboratory 516 

Conditioning and Freeze-Thaw Exposure  517 

The comparative UCS response of soil reinforced with 0.75% PP fiber, the dosage producing the 518 

highest measured zero-day UCS within the investigated range, under laboratory conditioning and 519 

FT exposure is presented in Table 6 and Figure 8. The zero-day reference value of 125.67 kPa 520 

corresponds to the mean UCS measured at 0.75% PP fiber during the fiber-content optimization 521 

series and was adopted as the common baseline for the subsequent laboratory conditioning and 522 

FT assessments. Separate specimens containing 0.75% PP fiber were subsequently prepared and 523 

subjected to the specified laboratory conditioning durations and FT exposure levels. To enable a 524 

direct comparison, replicate specimens prepared at the same fiber content were subjected to 525 

laboratory conditioning periods of 0, 1, 3, 5, 7, 10, 15, 20, and 28 days, while another set of 526 

identically prepared specimens was exposed to 0, 1, 3, 5, 7, 10, 15, 20, and 28 FT cycles. This 527 

parallel testing program allows the strength gain associated with laboratory conditioning and the 528 

strength degradation caused by FT cycling to be evaluated under comparable material and 529 

exposure conditions. The UCS of the 0.75% PP fiber-reinforced soil increased from 125.67 kPa 530 

at 0 days to 155.10 kPa after 28 days of laboratory conditioning, corresponding to a strength gain 531 



of approximately 23.42%. The UCS increased gradually from 130.24 kPa after 1 day to 133.68, 532 

139.83, 143.49, 147.20, 152.00, and 153.85 kPa after 3, 5, 7, 10, 15, and 20 days of laboratory 533 

conditioning, respectively. This improvement indicates progressive stabilization of the 534 

compacted soil-fiber matrix, enhanced interparticle contact, and improved stress transfer through 535 

fiber-soil interaction. Similar time-dependent UCS development during laboratory conditioning 536 

has been reported for compacted and stabilized geomaterials, where progressive matrix 537 

densification, fabric stabilization, and improved bonding efficiency contribute to strength gain 538 

with laboratory conditioning duration [4, 9, 13, 22]. 539 

In contrast, the FT conditioned specimens showed a continuous reduction in UCS with 540 

increasing number of cycles. The UCS decreased from 125.67 kPa before FT exposure to 119.12 541 

kPa after one cycle, corresponding to a strength loss of 5.21%. With further cycling, the UCS 542 

decreased to 112.00, 103.46, 96.50, and 88.70 kPa after 3, 5, 7, and 10 cycles, respectively. 543 

Beyond 10 cycles, the rate of strength reduction became comparatively lower, with UCS values 544 

of 85.83, 83.20, and 81.40 kPa after 15, 20, and 28 cycles, respectively. After 28 FT cycles, the 545 

total strength loss was 35.23%, while the strength retention ratio remained 64.77% relative to the 546 

initial UCS. The nonlinear degradation trend, characterized by rapid early-stage strength loss 547 

followed by gradual stabilization, is consistent with previous studies on FT affected fiber-548 

reinforced and stabilized soils [1, 2, 21, 25]. The comparison between laboratory conditioning 549 

and FT exposure clearly demonstrates the opposite effects of these two conditions on the 550 

mechanical behavior of the 0.75% PP fiber-reinforced soil. At the end of the 28-day/cycle period, 551 

the laboratory-conditioned specimen reached a UCS of 155.10 kPa, whereas the FT-exposed 552 

specimen decreased to 81.40 kPa. Thus, the 28-day laboratory-conditioned UCS was 553 

approximately 1.91 times higher than the UCS after 28 FT cycles. The FT-exposed specimen 554 

retained only about 52.48% of the UCS of the corresponding 28-day laboratory-conditioned 555 

specimen, indicating that cyclic freezing and thawing substantially counteracted the strength gain 556 

associated with laboratory conditioning. The rapid strength loss during the early FT cycles can be 557 

attributed to water-ice phase transformation, ice-induced volumetric expansion, pore 558 

enlargement, disruption of interparticle contacts, and initiation of microcracks. During later 559 

cycles, damage mainly propagates through pre-existing weak zones, resulting in a lower rate of 560 

strength degradation and a more stable residual structure. Similar mechanisms have been 561 

reported for FT-exposed soils, where repeated freezing and thawing alters soil fabric, increases 562 

pore connectivity, weakens interparticle contacts, and reduces compressive resistance [1, 3, 6, 563 

26]. Despite the reduction in UCS under FT exposure, the reinforced soil retained a considerable 564 

proportion of its initial strength after 28 cycles. This residual strength retention suggests that PP 565 

fibers contributed to tensile resistance, crack bridging, stress redistribution, and preservation of 566 

matrix continuity under cyclic freezing and thawing. These reinforcement mechanisms have been 567 

widely associated with improved post-FT performance of fiber-reinforced soils and fiber-568 

stabilized geomaterials [2, 5, 10, 25]. Overall, the combined laboratory conditioning-FT 569 

comparison provides a more realistic assessment of the long-term mechanical behavior of PP 570 

fiber-reinforced Himalayan subgrade soil than laboratory-conditioned-strength evaluation alone. 571 



UCS Degradation of PP Fiber-Reinforced Soil under Freeze-Thaw Cycles 572 

The variation in UCS and the corresponding degradation percentage of the 0.75% PP fiber-573 

reinforced soil after repeated FT cycles are summarized in Table 7 and graphically presented in 574 

Figure 9. The results indicate a progressive increase in UCS degradation with increasing number 575 

of FT cycles. The degradation increased from 5.21% after one cycle to 10.88%, 17.67%, and 576 

23.21% after 3, 5, and 7 cycles, respectively. A more pronounced deterioration occurred during 577 

the early stages of FT exposure, indicating rapid disruption of vulnerable particle contacts and 578 

soil-fiber interfaces. Beyond 10 cycles, the rate of degradation gradually decreased, reaching 579 

29.42%, 31.70%, 33.79%, and 35.23% after 10, 15, 20, and 28 cycles, respectively. The 580 

nonlinear trend suggests that the majority of microstructural damage occurred during the initial 581 

FT cycles, while subsequent cycles mainly propagated pre-existing defects within the soil matrix. 582 

This behavior is consistent with SEM observations showing void enlargement, particle 583 

separation, and progressive disruption of the reinforced soil fabric after repeated FT exposure. 584 

Similar degradation patterns characterized by rapid initial damage followed by gradual 585 

stabilization have been reported for fiber-reinforced and stabilized soils subjected to FT cycling. 586 

Quantitatively, the present 0.75% PP fiber-reinforced soil retained 64.77% of its initial UCS after 587 

28 FT cycles, corresponding to a strength reduction of 35.23%. [21] reported approximately 20-588 

25% UCS reduction after 10 FT cycles in fiber-reinforced and unreinforced clay specimens, 589 

while 3% PP fiber increased UCS by approximately 60-160% relative to the corresponding 590 

unreinforced clay. [25] reported that PP fiber reinforcement reduced FT-induced strength loss 591 

from 43% in unreinforced fine-grained soil to 32% in reinforced soil after up to nine FT cycles. 592 

In the present SW-SM soil, the zero-day UCS increased from 45.00 kPa in the untreated 593 

condition to 125.67 kPa at 0.75% PP fiber, corresponding to an increase of approximately 594 

179.3%. Although these results are broadly consistent with the strength-enhancing and FT-595 

damage-mitigating effects reported previously, direct numerical comparison is limited by 596 

differences in soil type, fiber dosage, specimen condition, and FT protocol. 597 

Figure 10 presents representative stress-strain responses of the untreated and 0.75% PP fiber-598 

reinforced SW-SM soil before and after 28 FT cycles. The stress-strain responses show a marked 599 

increase in deformation capacity following PP fiber reinforcement. The mean axial strain 600 

corresponding to the maximum recorded stress increased from approximately 3.07% for 601 

untreated soil to 7.28% for 0.75% PP fiber-reinforced soil. After 28 FT cycles, the reinforced 602 

specimens retained a mean strain at maximum stress of approximately 7.28%, despite the 603 

reduction in mean UCS from 125.67 to 81.40 kPa. This indicates that PP fiber reinforcement 604 

increased the deformation capacity of the compacted SW-SM soil and helped retain this response 605 

after FT exposure. The available records did not contain a complete descending post-peak 606 

branch; therefore, post-peak softening and a quantitative post-peak ductility index were not 607 

determined. From an engineering perspective, the measured UCS values demonstrate the relative 608 

improvement produced by PP fiber reinforcement, but they should not be interpreted as direct 609 

evidence that the material satisfies a specific pavement-subgrade acceptance criterion. The 610 



untreated soil had an initial mean UCS of 45.00 kPa, whereas 0.75% PP fiber increased the zero-611 

day mean UCS to 125.67 kPa; after 28 FT cycles, the reinforced soil retained a mean UCS of 612 

81.40 kPa. However, pavement-subgrade suitability is generally evaluated using parameters such 613 

as CBR, resilient modulus, compaction characteristics, and project-specific design requirements 614 

rather than UCS alone. Because CBR and resilient modulus were not measured in the present 615 

study, the investigated soil cannot be assigned to a specific pavement-subgrade strength category, 616 

and compliance with field subgrade criteria cannot be established from the present UCS results. 617 

Accordingly, the results demonstrate laboratory-scale mechanical improvement and FT strength 618 

retention, but additional stabilization requirements, if any, should be determined from project-619 

specific CBR, resilient-modulus, compaction, drainage, and field-performance assessments. 620 

Permeability Response of PP Fiber-Reinforced Soil Before and After Freeze-Thaw 621 

Exposure 622 

The comparison of mean permeability before and after four FT cycles shows that FT exposure 623 

increased the coefficient of permeability for all mixtures; however, the magnitude of increase 624 

varied markedly with PP fiber content as presented in Table 8, while the variation with 625 

polypropylene fiber content is shown in Figure 11. In the untreated soil, the mean permeability 626 

increased from 4.30 × 10⁻⁵ to 5.47 × 10⁻⁵, corresponding to a 27.21% increase. This pronounced 627 

increase indicates that the natural soil fabric was highly susceptible to FT-induced structural 628 

disturbance. The increase in permeability can be attributed to ice-lens formation, volumetric 629 

expansion during freezing, and particle rearrangement during thawing, which collectively 630 

promote pore enlargement and the development of connected seepage pathways. Similar 631 

mechanisms have been reported in previous FT studies, where freezing and thawing increased 632 

pore radius, porosity, total pore area, and the proportion of medium and large pores, thereby 633 

modifying hydraulic conductivity through changes in pore-size distribution and pore connectivity 634 

[30-32, 35]. In contrast, PP fiber inclusion reduced the FT-induced increase in permeability, 635 

particularly at higher fiber contents. The most stable hydraulic response was observed at 0.6% 636 

fiber content, where the mean permeability increased only slightly from 2.90 × 10⁻⁵ to 2.97 × 637 

10⁻⁵, representing a marginal increase of 2.41%. This behavior suggests that an appropriate fiber 638 

dosage enhances hydraulic stability by restraining crack propagation, limiting the 639 

interconnection of preferential flow channels, and preserving a comparatively stable soil-fiber 640 

matrix during FT exposure. This interpretation agrees with previous observations that PP fibers 641 

can reduce crack development and restrict crack connectivity, while crack formation can 642 

substantially alter both the mechanical and hydraulic properties of soils, including hydraulic 643 

conductivity [33-35]. However, the higher permeability response observed at 0.7% and 0.8% 644 

fiber contents suggests that excessive fiber inclusion may reduce the beneficial densification 645 

effect, possibly due to fiber clustering, weak soil-fiber interfaces, or localized void formation, 646 

which can increase hydraulic pathway connectivity. Overall, the permeability results demonstrate 647 

that PP fiber reinforcement not only modifies the initial seepage behavior of the soil but also 648 



improves its resistance to FT-induced hydraulic degradation. Among the investigated mixtures, 649 

0.6% PP fiber provided the most effective hydraulic stabilization after four FT cycles. 650 

The mechanical and hydraulic results demonstrate that the preferred PP fiber dosage depends on 651 

the governing performance criterion. The highest measured zero-day mean UCS was obtained at 652 

0.75% PP fiber (125.67 kPa), whereas the minimum pre-FT permeability was obtained at 0.50% 653 

PP fiber (2.63 × 10⁻⁵ cm/s). In contrast, the smallest measured FT-induced permeability increase 654 

occurred at 0.60% PP fiber, for which the mean coefficient of permeability increased only from 655 

2.90 × 10⁻⁵ to 2.97 × 10⁻⁵ cm/s after four FT cycles. At 0.60% PP fiber, the corresponding zero-656 

day mean UCS was 105.76 kPa, which is approximately 84.2% of the maximum measured zero-657 

day UCS obtained at 0.75% PP fiber. Therefore, within the investigated laboratory conditions, 658 

0.60% PP fiber may be considered a practical mechanical-hydraulic compromise because it 659 

retained a substantial proportion of the maximum measured UCS while exhibiting the smallest 660 

FT-induced increase in permeability. However, this dosage should not be interpreted as a 661 

mathematically determined or universal multi-performance optimum. The UCS and permeability 662 

programs employed different fiber-dosage intervals, and permeability was not measured 663 

specifically at 0.75% PP fiber. Accordingly, the present results support performance-specific 664 

dosage selection rather than identification of a single global optimum. 665 

SEM Analysis of PP Fiber-Reinforced Soil before and after Freeze-Thaw Cycles 666 

SEM micrographs of the PP fiber-reinforced soil before FT exposure are presented in Figure 667 

12(a) and Figure 12(b). The images show that the polypropylene (PP) fibers are embedded within 668 

the soil matrix and interact with surrounding particles through physical contact. In Figure 12(a), 669 

soil particles are visibly adhered to the surface of the PP fiber, forming a particle-coated PP fiber. 670 

This observation suggests effective particle confinement and improved stress transfer between 671 

the fiber and surrounding soil matrix. Figure 12(b) shows a fiber interlocking zone where 672 

intersecting fibers and adjacent soil particles create localized mechanical interlocking. Such 673 

interactions contribute to tensile resistance, restraint of particle displacement, and improved 674 

structural integrity of the reinforced soil. Similar reinforcement mechanisms involving fiber-soil 675 

interaction, particle confinement, and mechanical interlocking have been reported in PP fiber-676 

reinforced soils and stabilized geomaterials [4, 22, 25, 38]. Because no chemical stabilizer was 677 

incorporated in the present study, the observed strength improvement is attributed primarily to 678 

physical reinforcement mechanisms rather than chemical bonding. 679 

After FT exposure, the SEM images shown in Figure 12(c) and Figure 12(d) reveal a 680 

comparatively loosened and disturbed soil fabric. In Figure 12(c), qualitatively, the selected 681 

micrographs show features interpreted as void enlargement and particle separation, consistent 682 

with disruption of the compacted soil fabric after FT exposure. The observed open or enlarged 683 

void-like features are qualitatively consistent with FT-induced disturbance; however, pore 684 

dimensions and pore-area changes were not quantified. The qualitative observations in Figure 12 685 

are consistent with the UCS trends, showing soil-fiber interaction before FT exposure and a more 686 



open and disrupted fabric after FT exposure. Because quantitative image analysis was not 687 

performed, the SEM images are used only for qualitative interpretation and not to quantify FT-688 

induced changes in pore size, crack density, or void area. These observations are consistent with 689 

previous SEM studies reporting that FT cycling enlarges pores, weakens particle contacts, 690 

reduces interfacial strength, and promotes microcrack development [3, 36]. Nevertheless, the 691 

presence of PP fibers appears to maintain partial continuity within the soil matrix, supporting 692 

residual strength retention even after repeated FT cycles. Therefore, Figure 11 provides 693 

qualitative microstructural evidence supporting the UCS results, where PP fibers enhance 694 

strength before FT exposure, while repeated FT cycling progressively degrades the soil structure 695 

through void enlargement, particle separation, and weakening of fiber-soil interaction. 696 

SEM Analysis of Natural Soil and Microstructural Interpretation 697 

SEM was employed to examine the microstructure of the untreated SW-SM soil and to provide 698 

microstructural evidence supporting its mechanical behavior under laboratory conditioning and 699 

FT conditions. At 300× magnification (Figure 13(a)), the soil exhibits large particle aggregates 700 

separated by large inter-aggregate pores, resulting in a highly open and heterogeneous fabric. 701 

The presence of extensive pore spaces and limited particle contacts indicates a weak skeletal 702 

framework with poor packing density. Such a macro-porous structure facilitates moisture 703 

movement and increases susceptibility to FT-induced deterioration. Similar loose and porous soil 704 

fabrics have been identified as important factors governing strength loss and durability reduction 705 

in FT-affected soils [4, 10, 25, 36]. At 500× magnification (Figure 13(b)), the soil fabric appears 706 

heterogeneous, with sparse particle contacts and visible void spaces distributed throughout the 707 

matrix. The absence of obvious cementation products or bonding phases suggests that the soil 708 

behavior is governed primarily by particle contact and frictional interaction rather than chemical 709 

bonding. At 1500× magnification (Figure 13(c)), loosely packed particles and large interparticle 710 

voids become more evident, indicating limited contact efficiency and reduced load-transfer 711 

capability within the soil skeleton. At 5500× magnification (Figure 13(d)), microvoids and 712 

localized crack-like features are visible. These defects may act as stress concentration zones and 713 

preferential pathways for crack propagation, contributing to progressive strength degradation 714 

during repeated FT exposure. 715 

Overall, the SEM observations indicate a loose, porous, and heterogeneous soil fabric 716 

characterized by large particle aggregates, extensive inter-aggregate pores, weak particle 717 

contacts, and localized microvoids. These features are consistent with the relatively low UCS of 718 

the untreated soil and its susceptibility to FT-induced deterioration, in agreement with previous 719 

microstructural studies on FT-affected soils. 720 

SEM-EDS Results and Microstructural-Chemical Interpretation 721 

To further elucidate the mechanisms governing UCS variation with PP fiber inclusion and FT 722 

cycling, SEM observations were complemented by energy dispersive X-ray spectroscopy (EDS) 723 



analysis. The representative EDS spectrum of the untreated soil is presented in Figure 14. The 724 

EDS results indicate that the soil matrix is dominated by oxygen (52.92 wt%), silicon (20.10 725 

wt%), and aluminum (10.98 wt%). Iron (7.06 wt%) is present as a secondary constituent, while 726 

potassium, magnesium, sodium, and calcium occur in minor proportions. This elemental 727 

composition is consistent with a silicate- and aluminosilicate-rich soil matrix; however, EDS 728 

alone does not identify specific mineral phases. The relatively low calcium content in the 729 

examined spectrum did not indicate a calcium-rich composition suggestive of cementitious 730 

products. Accordingly, the UCS improvement associated with PP fiber inclusion is interpreted as 731 

being consistent with a predominantly physical reinforcement mechanism. This interpretation 732 

agrees with studies showing that PP fibers improve soil behavior mainly by mechanical 733 

interlocking, crack bridging, tensile resistance, and stress transfer when no binder or chemical 734 

stabilizer is present [15, 16, 25, 41]. It also contrasts with binder-treated systems, where 735 

hydration, pozzolanic reactions, or geopolymerization products contribute substantially to 736 

strength [3, 19, 23, 38]. 737 

Conclusions 738 

This study evaluated the mechanical, hydraulic, freeze-thaw, and microstructural responses of PP 739 

fiber-reinforced Eastern Himalayan SW-SM soil under controlled laboratory conditions. The 740 

principal conclusions are: 741 

 The untreated soil exhibited increasing UCS during laboratory conditioning, whereas 742 

repeated FT exposure progressively reduced its strength. Because no cementitious 743 

stabilizer was used and moisture-related variables were not independently monitored, the 744 

conditioning-induced strength increase should not be interpreted as conventional curing. 745 

 PP fiber content significantly affected the zero-day UCS. Among the investigated 746 

dosages, 0.75% PP fiber produced the highest measured zero-day mean UCS, while 747 

higher fiber contents resulted in reduced strength. This value represents the maximum 748 

within the tested dosage range rather than a universal optimum. 749 

 Repeated FT cycling progressively reduced the UCS of the 0.75% PP fiber-reinforced 750 

soil, with greater degradation during the early cycles followed by a lower rate of strength 751 

loss. Nevertheless, the reinforced specimens retained substantial residual strength after 28 752 

FT cycles, indicating that PP fibers continued to provide mechanical reinforcement under 753 

the investigated laboratory FT conditions. 754 

 The fiber dosage associated with the preferred hydraulic response differed from that 755 

producing the highest UCS. The minimum pre-FT permeability occurred at 0.50% PP 756 

fiber, whereas the smallest measured FT-induced permeability increase occurred at 0.60% 757 

PP fiber. At 0.60% PP fiber, the zero-day UCS was approximately 84.2% of the 758 

maximum measured UCS obtained at 0.75% PP fiber, indicating that 0.60% may provide 759 

a practical laboratory-scale compromise between mechanical and hydraulic performance 760 

within the investigated range. However, because the UCS and permeability programs 761 



employed different dosage intervals and permeability was not measured at 0.75% PP 762 

fiber, no unique global multi-performance optimum is claimed.  763 

 SEM observations were consistent with physical soil–fiber interaction, while FT 764 

exposure was associated with qualitative features of void enlargement, particle 765 

separation, and disruption of the soil fabric. SEM-EDS indicated relatively low calcium 766 

content and did not indicate a calcium-rich composition suggestive of cementitious 767 

products. Taken together, these observations are consistent with a predominantly physical 768 

reinforcement interpretation, although SEM-EDS does not independently establish the 769 

reinforcement mechanism.  770 

These findings are restricted to the investigated SW-SM soil, PP fiber type, specimen preparation 771 

conditions, and laboratory exposure program. The results demonstrate laboratory-scale 772 

improvement in strength, hydraulic response, and FT resistance, but they do not establish direct 773 

field-design suitability. Additional evaluation, including CBR, resilient modulus, shear strength, 774 

traffic-loading response, and field-scale validation, is required before application to subgrade, 775 

embankment, or slope design. 776 

Limitations of the Study 777 

Although the present study provides region-specific experimental evidence on the strength, 778 

permeability, and FT durability of PP fiber-reinforced Eastern Himalayan SW-SM soil, the 779 

findings should be interpreted within the following limitations: 780 

 First, the investigation was limited to one naturally occurring soil collected from the Sela 781 

Pass region. Therefore, the fiber dosages associated with the measured mechanical and 782 

hydraulic responses, as well as the measured strength and permeability trends, may not be 783 

directly transferable to soils with different gradation, fines content, plasticity, mineralogy, 784 

moisture condition, or compaction characteristics. 785 

 Second, FT durability was evaluated under controlled laboratory and closed-system 786 

conditions. Field conditions in high-altitude Himalayan corridors may involve longer 787 

exposure periods, variable freezing and thawing rates, partial saturation, moisture 788 

migration, snowmelt infiltration, drainage changes, and seasonal temperature 789 

fluctuations, which could alter the rate and magnitude of deterioration. In addition, 790 

specimens were prepared at the specified target OMC and MDD, and the untreated soil 791 

had a calculated nominal initial degree of saturation of approximately 76.2%; however, 792 

specimen-specific mass, water content, and degree of saturation were not measured 793 

immediately before and after FT cycling. Therefore, FT-induced changes in moisture 794 

condition and degree of saturation could not be quantified. 795 

 Third, the mechanical evaluation was based primarily on UCS testing, while the 796 

hydraulic evaluation considered permeability before FT exposure and after a limited 797 

number of FT cycles. Other performance indicators relevant to pavement and 798 



embankment design, such as CBR, resilient modulus, tensile strength, shear strength, 799 

deformation under traffic loading, and long-term permeability evolution, were not 800 

included. 801 

 Fourth, only one PP fiber type and one fiber length were examined in the main durability 802 

assessment. The effects of fiber length, aspect ratio, surface texture, tensile strength, 803 

orientation, dispersion quality, and alternative fiber materials were not independently 804 

evaluated. 805 

 Fifth, SEM and SEM-EDS analyses were used mainly for qualitative interpretation of soil 806 

fabric, soil-fiber interaction, and elemental composition. Quantitative microstructural 807 

techniques, such as image-based crack-density analysis, pore-size distribution 808 

measurement, XRD, FTIR, micro-CT, or mercury intrusion porosimetry, would provide 809 

deeper insight into pore connectivity, mineralogical changes, and FT-induced damage 810 

mechanisms. 811 

 Sixth, the time-dependent UCS increase observed in the untreated soil was evaluated 812 

without systematic measurements of specimen mass change, water content, degree of 813 

saturation, matric suction, or drying shrinkage at each conditioning age. Therefore, the 814 

relative contributions of moisture redistribution, suction development, and fabric 815 

rearrangement to the measured strength increase could not be quantified conclusively. 816 

 Seventh, specimen-core temperature was not instrumentally monitored during FT cycling, 817 

and an independent temperature-time record was not obtained. Consequently, complete 818 

thermal equilibration during the prescribed freezing and thawing periods could not be 819 

independently verified. Frost heave, axial deformation, volumetric strain, and visible 820 

crack development were not quantitatively monitored during cycling. Therefore, FT-821 

induced thermal and dimensional responses could not be independently quantified.  822 

 Finally, the study was performed on laboratory-compacted specimens. Field-scale 823 

validation is required before direct implementation in subgrade, slope, or embankment 824 

design because in-situ performance may be affected by construction quality, compaction 825 

variability, drainage boundary conditions, traffic loading, scale effects, aging, and 826 

environmental exposure. The long-term environmental implications of PP fiber use, 827 

including fiber persistence and possible microplastic release, also require further 828 

assessment before field application. 829 
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   1029 

(a)                                                                                        (b) 1030 

Fig. 1 (a) and (b) Sampling location near Sela Pass in the Eastern Himalaya, showing the high-altitude 1031 

terrain and slope conditions representative of frost-susceptible subgrade soils 1032 

Table 1. Soil properties 

 

Properties Values 

Specific Gravity 2.68 

Gravel (%) 11.60 

Sand (%) 79.21 

Silt (%) 5.12 

Clay (%) 4.06 

Uniformity Coefficient (Cu) 7.11 

Coefficient of Curvature (Cc) 1.03 

Maximum dry density, MDD (g/cm3) 1.83 

Optimum moisture content, OMC (%) 13.2 

 1033 



 1034 

Fig. 2 Grain size distribution curve of the studied soil, indicating a well-graded sandy matrix with a minor 1035 

silt fraction (SW-SM classification), relevant to moisture migration and FT susceptibility 1036 

 

Table 2. Polypropylene Fiber Properties 

 

Properties Value 

Fiber length (mm) 12 

Specific Gravity 0.92 

Fiber diameter (μm) 30 

Aspect ratio (L/D) 400 

Tensile strength (MPa) 600-700 

Elastic modulus (GPa) 3.7 

Water absorption Negligible 

 

 1037 

 1038 

Fig. 3 PP fibers used in the study (length=12 mm), illustrating the geometry and form of discrete 1039 

reinforcement employed for improving soil strength and FT resistance 1040 



  1041 

     (a)        (b)                                                                                     1042 

Fig. 4 UCS specimens prepared for testing: (a) compacted natural soil specimen and (b) compacted 1043 

polypropylene fiber-reinforced soil specimen 1044 

     1045 
                           (a)                                                                                     (b) 1046 

Fig. 5 Permeability specimen preparation: (a) compacted soil specimen inside the permeability 1047 

mold and (b) compacted specimen sealed with plastic film to control moisture loss during storage 1048 

prior to testing or FT conditioning 1049 

 1050 

Table 3. Experimental matrix for PP fiber optimization, laboratory conditioning, and freeze-thaw durability 

testing 

Experimental 

series 
Fiber content Exposure / conditioning Replicates Purpose 



Untreated-soil 

FT baseline 
0% PP 

0, 3, 5, 7, 14, 28, 56, 90 

FT cycles 
3 per condition 

Evaluate long-term FT 

degradation of untreated 

soil 

Fiber-content 

optimization 
0.50-1.00% PP 0 day 3 per dosage 

Determine PP fiber 

content giving the 

highest zero-day UCS 

Selected UCS 

baseline 
0.75% PP 0 day / 0 FT cycle 3 

Baseline UCS = 125.67 

kPa 

Laboratory 

conditioning 

series 

0.75% PP 
1, 3, 5, 7, 10, 15, 20, 28 

days 
3 per condition 

Evaluate laboratory 

conditioning-induced 

UCS development 

Reinforced FT 

durability series 
0.75% PP 

1, 3, 5, 7, 10, 15, 20, 28 

FT cycles 
3 per condition 

Evaluate FT-induced 

UCS degradation 

Permeability FT 

series 
0-0.8% PP 

Before FT and after 4 FT 

cycles 
3 per condition 

Evaluate hydraulic 

response before and 

after FT exposure 

 1051 

Table 4. Comparative time-dependent UCS response of untreated soil under laboratory 

conditioning and FT exposure (mean ± SD; n = 3). 

Period/Cycles UCS after laboratory 

conditioning (kPa) 

UCS after FT (kPa) 

0 45.00 ±1.30 45.00 ± 0.27 

3 49.87 ± 0.85 41.20 ± 1.10 

5 55.23 ± 0.90 38.80 ± 0.88 

7 57.36 ± 0.60 36.50 ± 0.47 

14 64.52 ± 0.22 32.40 ± 0.67 

28 69.70 ± 0.68 28.10 ± 0.52 

56 71.40 ± 0.76 23.90 ± 1.30 

90 73.10 ± 0.44  21.50 ± 1.06  

 1052 



 1053 

Fig. 6 Variation in UCS of untreated soil with laboratory conditioning duration and FT exposure; error 1054 

bars represent ±1 SD based on triplicate specimens. 1055 

Table 5. Zero-day mean UCS of soil at different PP fiber contents (n = 3). 1056 

Fiber Content (%) UCS (kPa) 

0.50 79.66 ± 1.00 

0.55 95.34 ± 0.85  

0.60 105.76 ± 1.40 

0.65 112.33 ± 0.85 

0.70 118.33 ± 0.66 

0.75 125.67 ± 0.45 

0.80 121.40 ± 1.10 

0.85 118.00 ± 0.75 

0.90 108.30 ± 0.63 

0.95 82.86 ± 0.48 

1.00 65.24 ± 0.94 

Note: Values are mean ± sample SD (n=3). One-way ANOVA indicated a significant effect of fiber 1057 

content on zero-day UCS [F (10, 22)=1533.83, p<0.001]. Tukey's HSD test indicated that the mean UCS 1058 

at 0.75% PP fiber was significantly higher than the neighboring 0.70%, 0.80%, and 0.85% dosages 1059 

(p<0.001). 1060 



 1061 

Fig. 7 Variation of zero-day mean UCS with PP fiber content; error bars indicate ±1 standard deviation 1062 

based on triplicate specimens (n = 3). 1063 

 1064 

Table 6. Comparative UCS response of 0.75% PP fiber-reinforced soil under laboratory 

conditioning and FT exposure 

 

Laboratory conditioning 

Duration (days)/FT 

UCS due to laboratory 

conditioning (kPa) 

 

UCS after FT (kPa) 

 

0 125.67 ± 0.45 125.67 ± 0.45 

1 130.24 ± 1.10 119.12 ± 1.28 

3 133.68 ± 1.00 112.00 ± 0.97 

5 139.83 ± 0.65  103.46 ± 1.17 

7 143.49 ± 1.21 96.50 ± 1.10 

10 147.20 ± 0.86 88.70 ± 1.36 

15 152.00 ± 0.45 85.83 ± 0.87 

20 153.85 ± 0.38 83.20 ± 0.82 

28 155.10 ± 1.05 81.40 ± 0.64 

 1065 



 1066 

Fig. 8 Comparative variation of UCS of 0.75% PP fiber-reinforced soil under laboratory conditioning and 1067 

FT exposure; error bars indicate ±1 standard deviation based on triplicate specimens 1068 

Table 7. UCS degradation of 0.75% PP fiber-reinforced soil under FT cycling 

 

FT cycles UCS (kPa) UCS degradation (%) 

0 125.67 ± 0.45  0 

1 119.12 ± 1.28 5.21 

3 112.00 ± 0.97  10.88 

5 103.46 ± 1.17 17.67 

7 96.50 ± 1.10  23.21 

10 88.70 ±1.36 29.42 

15 85.83 ± 0.87 31.7 

20 83.20 ±0.82 33.79 

28 81.40 ± 0.64 35.23 
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 1070 

Fig. 9 Changes in UCS and corresponding degradation percentage of 0.75% PP fiber-reinforced soil 1071 

subjected to repeated FT cycles 1072 

 1073 

Fig. 10 Representative axial stress-strain curves of untreated and 0.75% PP fiber-reinforced SW-SM soil 1074 

before and after 28 FT cycles. 1075 

Table 8. Mean coefficient of permeability (k) before and after 4 FT cycles 

 

Fiber content (%) Before FT, Mean k ± SD After 4 FT, Mean k ± SD 

0.0 4.30 ± 0.27 5.47 ± 0.23 

0.1 3.77 ± 0.35 4.60 ± 0.10 

0.2 3.57 ± 0.25 4.33 ± 0.15 

0.3 3.17 ± 0.25 3.83 ± 0.06 



0.4 2.90 ± 0.30 3.30 ± 0.20 

0.5 2.63 ± 0.06 3.10 ± 0.20 

0.6 2.90 ± 0.20 2.97 ± 0.12 

0.7 3.23 ± 0.23 3.40 ± 0.20 

0.8 3.50 ± 0.35 3.83 ± 0.12 

 

Note: Values are presented as mean ± sample standard deviation (SD) based on 

three replicate measurements (n = 3). The coefficient of permeability, k, is 

reported in ×10-5 cm/s 

 1076 

Fig. 11 Variation in the coefficient of permeability of polypropylene fiber-reinforced soil with fiber 1077 

content before and after 4 FT cycles. Error bars indicate the sample standard deviation of triplicate 1078 

measurements (n = 3) 1079 
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                     (c)       (d) 1083 

Fig. 12 SEM-SEI micrographs of PP fiber-reinforced soil before and after FT exposure 1084 

(a) PP fiber-reinforced soil before FT exposure showing fiber bridging and soil-particle interaction. (b) 1085 

closer view of the fiber-soil interface before FT exposure. (c) PP fiber-reinforced soil after FT exposure 1086 

showing enlarged voids and particle separation, and (d) disrupted soil fabric after FT exposure showing 1087 

microvoids and crack-like spaces 1088 
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                            (c)                                (d) 1095 

Fig. 13 SEM-SEI micrographs of untreated SW-SM soil: (a) low-magnification view showing large 1096 

particle aggregates and large inter-aggregate pores; (b) heterogeneous soil fabric with sparse particle 1097 

contacts and visible void spaces; (c) loosely packed particles with large interparticle voids; and (d) 1098 

microvoids and localized crack-like features within the soil matrix 1099 

 1100 
Fig. 14 Representative EDS spectrum showing dominant O, Si, and Al peaks with minor Fe, K, Mg, Na, 1101 

and Ca, indicating a silicate-aluminosilicate soil matrix 1102 
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