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ABSTRACT 18 

In recent years, the alternating changes in extreme climate have frequently caused loess 19 

to undergo the combined effects of wet-dry (WD) cycles and freeze-thaw (FT) cycles, 20 

leading to an increasing occurrence of overall instability and sliding in loess slopes. To 21 

reveal the damage mechanism of loess materials under the coupled wet-dry and freeze-22 

thaw (WDFT) action and the evolutionary mechanism of landslides induced thereby, 23 

this study conducted a series of WD cycles, FT cycles, and WDFT coupling cycles tests. 24 

Multiple testing methods, including P-wave velocity, thermal conductivity, electrical 25 

resistivity, scanning electron microscopy and direct shear tests, were combined to 26 

systematically evaluate the evolution patterns of loess in terms of macroscopic 27 

physical-mechanical properties and microstructure. The results indicate that physical-28 

mechanical properties attenuate nonlinearly with increasing cycles, driven by rising 29 

porosity and microstructural complexity, while the stress-strain behavior transitions 30 

from strong to weak strain softening. Due to distinct core mechanisms of cycle modes, 31 

their damage effects exhibit significant temporal and severity differences. In the early 32 

stages of cycling, the deterioration capability of FT action is greater than that of WD 33 

action; as the number of cycles increases, WD action becomes more significant. The 34 

damage to loess from the coupled WD and FT effects is not merely an additive 35 

combination of their individual effects but represents a more complex accelerating 36 

deterioration. For example, at 50 kPa, the final degradation rate of shear strength caused 37 

by WD, FT, and WDFT cycle modes are 0.64, 0.61, and 0.76, respectively. The WD 38 

cycles generate directional crack networks, FT cycles induce porous structures, and 39 
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WDFT coupling combines both into a more complex interconnected damage system. 40 

The WDFT coupling promotes a cross-scale failure process in loess, from microscopic 41 

damage to macroscopic slope instability, through a positive feedback mechanism 42 

involving crack network expansion and freeze-thaw fragmentation. This study provides 43 

important experimental data and a theoretical basis for an in-depth understanding of the 44 

disaster mechanisms and stability assessment of loess slopes under complex extreme 45 

environmental conditions. 46 

Keywords: Wet-dry-freeze-thaw cycles; Loess; Shear behavior; Damage evolution; 47 

Mechanism analysis 48 

1. Introduction 49 

Loess, as a typical Quaternary sediment, covers approximately 10% of the global land 50 

area and is widely distributed in mid-latitude arid and semi-arid regions, such as Asia, 51 

Central Europe, and the mid-western part of North America [14, 20, 23, 31]. In China, 52 

loess is mainly distributed in the Loess Plateau and the Ili River Valley region [26, 32]. 53 

Influenced by transportation and deposition processes during geological history, these 54 

areas have formed numerous primary loess slopes [29, 34]. Furthermore, based on the 55 

principle of using locally available materials, loess has also been extensively used as 56 

fill material for infrastructure such as roadbeds and dams [18]. However, due to its 57 

characteristics of high porosity, low density, loose structure, and well-developed 58 

vertical joints, the mechanical properties of loess are highly sensitive to moisture 59 

changes and external loads. Under the influence of external factors such as temperature 60 
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differences and precipitation, it is prone to sudden failure, thereby inducing geological 61 

disasters like landslides, ground subsidence, and ground fissures, which seriously 62 

threaten engineering safety in loess regions [7, 13, 33, 47, 49, 50]. 63 

The deterioration of loess engineering performance is primarily attributed to natural 64 

environmental processes and human activities [17, 43]. In recent years, the increasing 65 

frequency of extreme climate events, such as high-temperature droughts, heavy rainfall, 66 

and cold waves, has led to alternating occurrences of these phenomena in the Loess 67 

Plateau region. Consequently, loess is subjected to a dynamic environment 68 

characterized by the intertwined effects of wet-dry (WD) and freeze-thaw (FT) cycles 69 

[4, 8, 28]. Research indicates that WD and FT cycles, driven by climatic conditions, are 70 

key factors accelerating structural damage and strength degradation in soil, 71 

significantly compromising the long-term structural stability and safety of 72 

infrastructure [1]. Numerous researchers have employed various techniques, including 73 

resistivity testing, permeability coefficient measurement, triaxial test, direct shear test, 74 

scanning electron microscopy (SEM), and nuclear magnetic resonance (NMR), to 75 

systematically analyze the evolution of the physical-mechanical properties and 76 

microstructure of loess under WD and FT cycles [16, 24, 30, 40]. Results demonstrate 77 

a general trend of progressive deterioration in parameters such as sample density, shear 78 

strength, and porosity after cyclic actions [22, 35, 37]. Although both WD and FT cycles 79 

significantly affect physical-mechanical properties, the extent of damage differs. For 80 

instance, some studies utilizing direct shear tests have found that both cohesion and the 81 

internal friction angle decay exponentially with increasing WD cycles before stabilizing. 82 
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In contrast, FT cycles primarily weaken cohesion, with a relatively smaller impact on 83 

the internal friction angle [21, 38]. This discrepancy stems from their distinct 84 

underlying mechanisms. 85 

Numerous studies have demonstrated that WD cycles affect soil structure through 86 

the following mechanisms: moisture intrusion leads to the dissolution of cementing 87 

materials, weakening inter-particle bonds, while the hydration and swelling of clay 88 

minerals soften the soil structure [44]. During the drying and evaporation process, the 89 

generated shrinkage stress can induce desiccation cracks when it exceeds the tensile 90 

strength of soil [9]. The primary mechanism of FT cycles involves the frost heave stress 91 

generated by ice lenses during the freezing process, which alters the cementation state 92 

between particles. This leads to the fragmentation and reorganization of mineral 93 

particles and aggregates, generating new pores and causing the continuous extension of 94 

existing cracks [1, 36]. 95 

In summary, although extensive research has explored the effects of WD and FT 96 

cycles on the engineering properties of soils such as loess and significant progress has 97 

been made regarding the deterioration mechanisms under individual weathering 98 

processes, the actual damage accumulation and failure of loess materials in natural 99 

environments are often the result of the combined effects of wet-dry-freeze-thaw 100 

(WDFT) coupling due to complex and variable climatic conditions [5]. Existing studies 101 

have indicated that multidimensional deformation behaviors in geotechnical 102 

engineering, such as foundation heave or collapse, frequently originate from the 103 

synergistic action of WD and FT cycles. Microstructural damage induced by WD action 104 
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can be further exacerbated by subsequent FT processes, leading to a significant 105 

reduction in the mechanical properties of soil after undergoing WDFT coupling cycles 106 

[2, 48]. However, current experimental research on the deformation characteristics of 107 

loess predominantly focuses on individual weathering processes. There remains a 108 

notable deficiency in qualitatively and quantitatively elucidating the evolution of loess's 109 

physical-mechanical properties under coupled WDFT cycles and the synergistic 110 

mechanisms by which they induce slope instability. 111 

This study conducts laboratory simulation tests to comparatively analyze the 112 

evolution of physical parameters (P-wave velocity, thermal conductivity and electrical 113 

resistivity) and mechanical indicators (shear strength, cohesion and internal friction 114 

angle) of loess specimens under WD cycles, FT cycles and WDFT coupling cycles. 115 

Through the qualitative and quantitative analysis of SEM tests, the microscopic 116 

cooperative failure mechanism of WDFT coupling was clarified, thereby linking the 117 

microscopic deterioration to the macroscopic slope instability. The practical 118 

significance of this study lies in providing essential experimental data and a physical-119 

mechanical theoretical basis for the long-term stability evaluation and disaster 120 

prediction of loess infrastructure under increasingly frequent extreme, alternating 121 

climatic conditions. This study contributes to a deeper understanding of the damage 122 

mechanism of loess materials under coupled WDFT effects. This study has certain 123 

limitations. The experiments were conducted under controlled laboratory conditions, 124 

which simplify the complex and natural conditions. Furthermore, given that this study 125 

only focused on the loess in a specific area, subsequent research will concentrate on the 126 
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correlation between the small-scale indoor experiments and the large-scale model tests. 127 

Through large-scale physical model tests or in-situ monitoring experiments at the site, 128 

it will further reveal the impact of extreme environmental factors on the stability of 129 

loess slopes. 130 

2. Materials and methods 131 

2.1. Study area 132 

As shown in Fig. 1, the study area is located in Jingbian County, Yulin City, Shaanxi 133 

Province, China. Field investigations revealed that the slopes in this area are 134 

characterized by a thick loess overburden and complex engineering geological 135 

conditions, with a wide distribution of human-made slopes. The study area experiences 136 

a temperate semi-arid continental monsoon climate, featuring distinct precipitation and 137 

evaporation periods, with relatively low annual precipitation and high evaporation rates. 138 

According to meteorological data statistics from May 2023 to May 2024 (Fig. 2), the 139 

region exhibits four distinct seasons, including pronounced cold and warm periods 140 

(corresponding to freeze-thaw and wet-dry periods, respectively) and significant 141 

diurnal temperature variations. Sub-zero temperatures occur from November to April 142 

each year, with the minimum temperature reaching as low as -23°C, classifying it as a 143 

typical seasonally frozen ground region. Extreme climatic effects constitute one of the 144 

critical factors leading to frequent geological hazards, such as landslides in this area. 145 

Field observations indicate that WD and FT actions have caused visible damage to loess 146 

slopes in the study area, posing potential threats to human lives and public property 147 
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safety (Fig. 3). 148 

 149 

Fig. 1. Diagram of the study area. 150 

 151 

Fig. 2. Meteorological data of study area. 152 
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 153 

Fig. 3. Typical disasters endanger the safety of public property in study area. 154 

2.2. Soil properties and sample preparation 155 

The loess samples were collected from a depth of 3 meters below the surface of a loess 156 

slope within the study area. According to the Standard of Geotechnical Test Method 157 

(GB/T 50123-2019), the basic physical indexes of loess were determined and are shown 158 

in Table 1. The results indicate that the natural water content, dry density, plastic limit, 159 

and liquid limit of the loess in the study area are 5.21%, 1.67 g/cm³, 16.8%, and 25.9%, 160 

respectively. The particle size distribution of the loess sample was determined using 161 

laser diffraction analysis (Fig. 4a). The particle size distribution curve shows that the 162 

proportions of clay (particle size < 5 μm), silt (particle size between 5-75 μm), and sand 163 

(particle size > 75 μm) in the loess sample are 4.8%, 83.3%, and 11.9%, respectively. 164 

According to the Standard of Geotechnical Test Method (GB/T 50123-2019), the loess 165 

was uniformly prepared into cylindrical specimens with a diameter of 61.8 mm and a 166 

height of 20 mm (Fig. 4b). Macroscopic and microscopic observations of the samples 167 
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revealed that the initial, untreated specimens possessed relatively smooth surfaces 168 

without significant crack development and exhibited a relatively dense structure. 169 

 170 

Fig. 4. (a) Grain size distribution of experimental loess and (b) Macroscopic and 171 

microscopic photos of loess samples. 172 

Table 1 Basic physical properties of sample. 173 

Soil type  (%) d (g/cm3) p (%) L (%) Ip IL 

Loess 5.21 1.67 16.8 25.9 9.1 -1.27 

Notes: , Natural water content (%); d, Dry density (g/cm³); p, Plastic limit (%); L, 174 

Liquid limit (%); Ip, Plasticity index; IL, Liquidity index. 175 

2.3. Methods 176 

2.3.1. Experimental methods 177 

To address the coupled deterioration of loess under natural environmental conditions, 178 

this study designed three cyclic modes for comparative testing: WD cycles, FT cycles, 179 

and WDFT coupling cycles. It is widely accepted among scholars that the initial cycle 180 

has a significant impact on the microstructure and physico-mechanical properties of 181 

soils, which stabilize after 5-10 cycles[39]. Based on previous research, each cyclic 182 

mode was set to 10 cycles. Considering the nonlinear deterioration of loess with 183 
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increasing cycles and to minimize the number of specimens, a method of progressively 184 

increasing intervals was adopted. Key measurement points were set at 0 (initial sample), 185 

1, 3, 5, 7, and 10 cycles (Fig. 5a)[12]. As shown in Fig. 5b, in this study, the moisture 186 

content of WD cycle was controlled between the wetting treatment (20% moisture 187 

content) and the drying treatment (5% moisture content). Due to extreme precipitation 188 

and other factors, the loess is at a high moisture content. Therefore, 20% moisture 189 

content has been set as the target moisture content following wetting. The lower limit 190 

of the moisture content in the test was approximately 5%, which is quite similar to the 191 

natural moisture content of 5.21%. The WD cycle procedure involved placing the 192 

specimen on an electronic balance and uniformly adding distilled water dropwise onto 193 

its surface using a dropper with a rubber bulb until the target water content (20%) was 194 

reached. After wetting all specimens, they were wrapped in plastic film for 24 hours of 195 

sealed curing to ensure sufficient moisture migration. The samples were put into an 196 

electric blast drying oven and dried at 60 ℃ until 5% moisture content to simulate 197 

natural air-drying conditions [6]. First, preliminary experiments were conducted to 198 

determine the duration of freezing (24h) that would result in the complete freezing of 199 

the samples. The wetting method for the FT cycles was identical to that of the WD 200 

cycles. After the wetting treatment (20% moisture content), in order to simulate the 201 

water loss during the freeze-thaw process under natural conditions, the samples were 202 

placed in a freeze-thaw chamber at -20°C in an open environment for 24h. Then, in a 203 

25°C environment, the moisture content was continuously measured by weighing until 204 

the moisture content of the samples dropped to 5% and the samples completely thawed, 205 
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with all ice crystals inside the samples completely melting. The WDFT coupling cycle 206 

involves re-wetting the sample to the target moisture content (20%) after completing 207 

the WD process, followed by FT treatment of the specimen, ensuring that the moisture 208 

content is precisely controlled to remain consistent in each cycle, thereby constituting 209 

a complete WDFT cycle. 210 

2.3.2. Physical property tests 211 

To investigate the degradation effects of different cyclic modes and cycle numbers on 212 

the physical properties of loess, tests were conducted for P-wave velocity, thermal 213 

conductivity, electrical resistivity, and SEM (Fig. 5c). P-wave velocity, thermal 214 

conductivity and electrical resistivity tests, performed via non-destructive methods, 215 

reflect soil compactness, internal structural defects, and cracks development. SEM 216 

allows for the direct visualization and quantification of changes in the soil 217 

microstructure. P-wave velocity was tested using an RSM-SY6 nonmetallic ultrasonic 218 

detection analyzer with a transmitting channel and two receiving channels, a main 219 

frequency of 600 MHz, a scanning speed of more than 20 cycles/second, high sensitivity, 220 

a penetration distance. In this paper, the transient plane heat source method (TPS) was 221 

used to measure the thermal conductivity of the samples, offering high measurement 222 

accuracy with an error within 5% [41]. The electrical resistivity was measured using a 223 

TH2811D LCR digital bridge. With the test signal frequency ranging from 50 Hz to 200 224 

kHz and under constant current conditions, the two-electrode method was employed to 225 

directly measure the voltage drop across the specimen. The resistivity of the loess 226 

sample was then calculated from this voltage drop, as shown in Eq. (1). 227 



 13 

ρ=
∆V
I

·
S
L

=R
S
L

 (1) 

where ρ is the electrical resistivity (Ω·m), R is the electrical resistance (Ω), ΔV is the 228 

voltage difference (V), I is the intensity of current passing through the soil sample (A), 229 

L is the length of the sample (m), and S is the cross-section area of the sample (m2).  230 

2.3.3. Direct shear test 231 

To investigate the effects of different cyclic modes and cycle numbers on the 232 

mechanical properties of loess, direct shear tests were conducted using a TT-ADS4 233 

automatic direct shear apparatus (Fig. 5c). The device is equipped with a high-precision 234 

vertical loading system (±0.1 % F.S. accuracy), enabling stable application of normal 235 

stress. After undergoing different cyclic treatments, direct shear tests were conducted 236 

under the final moisture content condition of loess samples (5% moisture content). The 237 

loess specimens were sheared at a constant displacement rate of 0.8 mm/min under 238 

vertical stresses of 50 kPa, 100 kPa, 200 kPa, and 300 kPa. The instrument features a 239 

data acquisition and processing system, allowing real-time monitoring and recording of 240 

the stress-displacement response during shearing. In this study, the shear strength of the 241 

specimen was defined as the peak stress observed in the stress-displacement curve prior 242 

to significant stress softening. 243 
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 244 

Fig. 5. Schematic diagram of research. 245 

3. Experimental results 246 

3.1. Variations of P-wave velocity and thermal conductivity 247 

Fig. 6 illustrates the variation patterns of P-wave velocity and thermal conductivity 248 

under different cyclic modes. The trends for both parameters are highly consistent 249 

across the three cyclic modes, showing a progressive decline with increasing cycle 250 

numbers. Before the 5 cycles, the degrading effect of FT cycles on P-wave velocity and 251 
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thermal conductivity is slightly greater than that of WD cycles. After 5 cycles, the 252 

influence of WD cycles gradually surpassed that of FT cycles. Under the same number 253 

of cycles, the impact of WDFT coupling cycles on both P-wave velocity and thermal 254 

conductivity is significantly stronger than that of individual WD or FT cycles. After the 255 

10th cycle, the P-wave velocity and thermal conductivity of loess specimens under 256 

WDFT coupling cycles decreased by 42% and 39%, respectively. Under WD cycles, 257 

the reductions were 37% and 36%, respectively, while under FT cycles, they were 28% 258 

and 32%, respectively. These results indicate that the structural damage inflicted by 259 

WDFT coupling cycles on loess is far greater than that caused by any individual cyclic 260 

mode. The material shows higher sensitivity and more severe degradation in response 261 

to temperature variations under the coupled action. 262 

 263 

Fig. 6. Influences of different cycles on wave velocity and thermal conductivity. 264 

3.2. Electrical resistivity change characteristics 265 

The electrical conduction paths in soil are formed through soil particle contacts, pore 266 

water, and the combination of particles and pore water. The pore water plays a crucial 267 
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role as the key medium for ion migration in moist soil and is typically the most effective 268 

conduction path [42]. In this study, all loess specimens were in a dry state during 269 

resistivity testing after completing the cyclic treatments, meaning continuous liquid-270 

phase conduction paths were inactive. Therefore, the changes of resistivity are 271 

attributed to variations in the internal structural characteristics of the specimens, 272 

primarily including the contact state of particles and the pore structure.  273 

Fig. 7 presents the response patterns of loess sample resistivity under different cyclic 274 

modes and at different test frequencies. Under the same test frequency, the changes in 275 

resistivity caused by different cyclic modes show significant differences (Fig. 7a). 276 

Resistivity exhibits an increasing trend with the rising number of cycles, indicating 277 

progressive structural degradation of the specimens under cyclic actions. The increase 278 

in resistivity is most pronounced under the WDFT coupling cycles, indicating this mode 279 

induces the greatest structural alteration. The magnitude of resistivity shows a negative 280 

correlation with the test frequency. Changes in resistivity demonstrate higher sensitivity 281 

in the low-frequency range (1-10 kHz), where the increase in resistivity with cycle 282 

number is significantly greater than in the high-frequency range (100-200 kHz), 283 

differing by nearly 2-3 times (Fig. 7b). After 10 cycles, the resistivity increase for loess 284 

specimens under the WDFT coupling cycles reaches 144% at a test frequency of 1 kHz, 285 

but is only 48% at 200 kHz. Under WD cycles, the resistivity increases are 98% and 286 

46%, respectively, while for those under FT cycles, the increases are 88% and 43%, 287 

respectively. 288 
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 289 

Fig. 7. Influences of different cycles on electrical resistivity. 290 

3.3. Direct shear test results 291 

3.3.1. Stress-strain curve 292 

Fig. 8 shows the shear stress-displacement relationship curves of specimens under 293 

various cyclic modes (different colors characterize the different vertical pressure). The 294 

results demonstrate that loess specimens subjected to no cycles or a low number of 295 

cycles exhibit pronounced strong strain-softening behavior. The shear stress initially 296 

increases linearly with displacement, peaks sharply, and then drops abruptly. This brittle 297 

failure process develops rapidly, making it difficult for the data acquisition system to 298 

fully capture the post-peak stress decay phase. Consequently, the transition between 299 

peak strength and residual strength appears nearly vertical. With increasing cycle 300 

numbers, the mechanical properties of the specimens change significantly. After 10 301 

cycles, the failure mode of the specimens evolves from strong strain softening to weak 302 

strain softening. Under all three cyclic modes, the peak stress of the specimens shows 303 
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varying degrees of attenuation as the cycle number increases. The attenuation of peak 304 

stress is most pronounced under the WDFT coupling cycles, significantly greater than 305 

the reductions observed under individual WD or FT cycles. Furthermore, the extent of 306 

peak shear stress attenuation also exhibits some variation under different vertical 307 

pressure conditions. 308 

 309 

Fig. 8. Curves of shear stress versus shear displacement under WD, FT and WDFT 310 

cycles. 311 

3.3.2. Shear strength characteristics 312 

As shown in Fig. 8, under the four vertical stress conditions of 50 kPa, 100 kPa, 200 313 

kPa, and 300 kPa, the shear strengths of the initial loess specimens without cyclic 314 

treatment are 287 kPa, 378 kPa, 457 kPa, and 591 kPa, respectively. To further compare 315 

the degradation effects of the three cyclic modes on specimen shear strength under these 316 
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four vertical stress conditions, this paper introduces the shear strength degradation rate 317 

as an evaluation index, as shown in Equation (2). 318 

Ds=
τ0-τn

τ0  (2) 

where τ0 is the shear strength of initial sample before cycles, τn is the shear strength 319 

under n number of WD, FT and WDFT cycles. With increasing cycle numbers, the shear 320 

strength exhibits varying degrees of non-linear decline under all four vertical stress 321 

conditions. The degradation rate initially increases significantly and then gradually 322 

stabilizes (Fig. 9). Due to space limitations, Table 2 only presents the fitting curve 323 

parameters and their confidence levels for the shear strength degradation rates 324 

corresponding to the three cyclic modes under the 50 kPa vertical stress condition. 325 

Under low vertical stress conditions, the shear strength degradation rate after 10 cycles 326 

is generally greater than that under high vertical stress conditions. Specifically, at 50 327 

kPa, the final degradation rates caused by WD, FT, and WDFT cycle modes are 0.64, 328 

0.61, and 0.76, respectively. At 300 kPa, the final degradation rates are 0.54, 0.36, and 329 

0.56, respectively. This phenomenon may be attributed to the recompression and 330 

adjustment, to some extent, of the loosened pore structure formed by cyclic actions 331 

under high vertical pressure. Particle breakage and reorganization create an anti-332 

degradation soil skeleton, thereby maintaining effective inter-particle contact and force 333 

chain transmission, which mitigates further damage and consequently results in a 334 

reduced magnitude of shear strength degradation. Furthermore, the degradation effects 335 

of WD and FT cycles on the shear strength of loess specimens still exhibit stage-specific 336 

characteristics. In the early cycles, the degradation from FT cycles is greater than that 337 
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from WD cycles, while in the later cycles, the degradation from WD cycles exceeds 338 

that from FT cycles. 339 

 340 

Fig. 9. Degradation rate of shear strength against different cycles under the vertical 341 

stresses of (a) 50kPa; (b) 100kPa; (c) 200kPa; and (d) 300kPa. 342 

Table 2 The Logistic model that depicts the degradation of shear strength under the 343 

vertical stresses of 50kPa. 344 

Cycle type 
Ds = a+b/(1+(x/c)d) R2  

(Confidence coefficient) a b c d 

WD cycle 0.74 -0.68 6.22 3.72 0.997 

FT cycle 0.78 -0.57 8.02 3.90 0.998 

WDFT cycle 0.75 -0.45 3.79 6.55 0.998 

Notes: D, Degradation rate of shear strength; x, Number of cycles. 345 

3.3.3. Shear strength parameters 346 

As shown in Fig. 10, the shear strength parameters of the loess specimens exhibit 347 
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distinct variations depending on the cyclic mode. The degradation rates, reflected by 348 

the right vertical axis, indicate that the influence of cyclic action on cohesion is 349 

significantly greater than its effect on the internal friction angle. Both parameters 350 

demonstrate a characteristic evolution of nonlinear attenuation followed by gradual 351 

stabilization. Under both WD and WDFT cycles, both cohesion and the internal friction 352 

angle decrease progressively with an increasing number of cycles. In contrast, under 353 

the FT cycle, only cohesion changes markedly, while the degradation trend of the 354 

internal friction angle remains relatively stable. This indicates that the concurrent 355 

reduction of both cohesion and the internal friction angle is the primary reason for the 356 

strength decline in specimens under WD and WDFT cycles. The decrease in cohesion 357 

is the dominant factor leading to strength degradation under FT cycle. In terms of 358 

degradation magnitude, for the same number of cycles, the WDFT cycle causes the 359 

greatest degradation in both cohesion and the internal friction angle. The effect of the 360 

FT cycle on cohesion is greater than that of the WD cycle. Specifically, under the 361 

WDFT cycle mode, as the number of cycles increased from 1 to 10, cohesion decreased 362 

from approximately 178 kPa to 32 kPa, and the internal friction angle decreased from 363 

42° to 37°, representing reductions of 82% and 12%, respectively. Under the WD cycle 364 

mode, cohesion decreased from approximately 226 kPa to 103 kPa, and the internal 365 

friction angle decreased from approximately 43° to 39°, corresponding to reductions of 366 

54% and 9%, respectively. Under the FT cycle mode, cohesion decreased from 367 

approximately 202 kPa to 93 kPa, while the internal friction angle decreased marginally 368 

from approximately 47° to 46°, resulting in reductions of 54% and 2%, respectively. 369 
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 370 

Fig. 10. Cohesion, friction angle and their degradation rates against different cycles. 371 

3.4. Surface morphological characteristics 372 

To analyze the apparent morphology of loess specimens after cyclic actions, Fig. 11 373 

presents the surface failure characteristics and corresponding quantitative analysis 374 

results of crack parameters for specimens subjected to WD, FT, and WDFT cycle modes. 375 

Significant differences exist in the failure patterns induced by the different cyclic modes. 376 

In the initial stage of WD cycles, cracks primarily developed along the edges of the 377 

specimen and were mainly fine. As WD cycling progressed, existing cracks 378 

continuously extended and propagated. After 7 WD cycles, the number of micro-cracks 379 

on the specimen surface increased significantly, and these cracks interconnected to form 380 

a distinct crack network. This evolution process is closely related to the mechanism of 381 

soil under alternating WD actions. When the loess specimen is wetted, water infiltrates 382 
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the inter-particle spaces, leading to a thickening of the hydration films. This increases 383 

the distance between particles and weakens the bonding strength. During the drying 384 

phase, moisture loss makes the soil particles more prone to developing shrinkage cracks. 385 

Subsequent cycles further propagate these cracks and create new crack pathways [11]. 386 

The impact of FT cycles on surface crack generation was relatively weak, with no 387 

significant crack development observed on the surface even after 10 cycles. The 388 

damage under the FT cycle mode was primarily manifested by the generation of 389 

numerous pores and significant surface exfoliation (Fig. 11c). Under the WDFT cycle 390 

mode, surface crack development was most pronounced. The number, width, and 391 

extensibility of cracks far exceeded those observed under WD cycles. After 10 cycles, 392 

the surface crack ratio (the percentage of surface crack area to the total area) reached 393 

as high as 8.2%, approximately 1.4 times that observed under WD cycles (Fig. 11b). 394 

Due to the coupling effect of WD and FT actions, the damage characteristics of WDFT 395 

cycles were mainly characterized by a random distribution of cracks, which were 396 

predominantly concentrated in vulnerable areas with pre-existing exfoliation or pores. 397 

Furthermore, some cracks were difficult to heal, forming pits at their original locations 398 

(Fig. 11d). As the number of cycles increased, micro-cracks continuously propagated 399 

and interconnected, eventually forming large cracks that penetrated the specimen 400 

surface. In addition, cracks not only appeared on the top surface of the specimen but 401 

could also develop on its sides (Fig. 12). The generation and propagation of these 402 

macroscopic shear cracks are also a direct cause of the overall reduction in the 403 

mechanical properties of the loess. The WD and WDFT cycle modes transformed the 404 
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soil from a continuous and dense state into a layered structure, while the FT cycle mode 405 

primarily promoted the formation of a porous internal structure. 406 

 407 

Fig. 11. Apparent morphology of loess samples under WD, FT and WDFT cycles. 408 

 409 

Fig. 12. Variation in the morphology of the side surface. 410 

3.5. SEM analysis 411 
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3.5.1. Microscopic morphology 412 

Fig. 13 presents SEM images of loess specimens subjected to different cyclic modes. 413 

The characteristics of the pore structure are closely related to the macroscopic physical 414 

and mechanical properties of the material. This study conducted a qualitative analysis 415 

of the microstructural evolution of the specimens based on factors such as particle 416 

morphology and distribution, particle contact patterns, and pore morphology and 417 

distribution. The initial, untreated specimen exhibited a relatively intact structure with 418 

regularly shaped particles arranged compactly. As the number of WD cycles increased, 419 

large particles and aggregates within the loess specimen fragmented, and pores 420 

interconnected to form relatively distinct, connected micro-cracks. The connection 421 

mode between aggregates gradually transitioned from face-face contacts to a 422 

combination of point-face and point-point contacts. Under the alternating WD actions, 423 

the repeated movement and dissolution effects of moisture prompted particle 424 

rearrangement, and the microstructure gradually evolved into a dispersed structure. 425 

After the first FT cycle, numerous new pores appeared within the aggregates. With 426 

continued FT cycling, particles from broken aggregates accumulated in localized areas, 427 

exhibiting a typical stacked particle morphology. After 10 cycles, the proportion of 428 

individual particles increased significantly, displaying irregular shapes. The soil 429 

skeleton particles were primarily connected through a mosaic pattern combining point 430 

contacts and face contacts, with the overall structure becoming looser. Structural 431 

degradation under WDFT cycling was the most severe. The particle structure was 432 

extremely loose, with a significant increase in the number and size of pores. Some large 433 
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particles directly exfoliated, markedly reducing structural integrity. The inter-particle 434 

structure consisted mainly of mosaic contacts and framework contacts. 435 

 436 

Fig. 13. Microstructural morphology of loess samples under 200x and 800x. 437 

3.5.2. Quantitative analysis of pore structure  438 

To accurately characterize the evolution of the specimens' microstructure after cyclic 439 

actions, this study analyzed SEM images at a magnification of 200x. Four SEM images 440 

were taken from a flat area at the center of each specimen, and the microstructural 441 

parameters were obtained as the average values from multiple images. This study used 442 

IPP (Image-Pro Plus) software to determine the threshold through multi-visual and 443 

original image comparison methods, converted grayscale images into binary images, 444 

removed truncated pores at the image edges, and performed image calibration using a 445 

scale corresponding to the image. The required parameters for analyzing the pore 446 

structure were selected, including including porosity, pore size distribution, pore 447 

angular orientation, and fractal dimension. Among them, porosity is defined as the ratio 448 

of the extracted pore area to the total area of the image. The pore diameter is the average 449 
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length of the diameters measured at 2° intervals joining two outline points, and passing 450 

through the pore’s centroid. The porosity direction angle is the angle formed by the long 451 

axis of the pore and the horizontal reference plane. Fig. 14 illustrates the quantitative 452 

pore extraction process and the microstructural parameters of the initial specimen. 453 

Pores were classified based on their diameter into macropores (d > 32 μm), mesopores 454 

(8 μm < d < 32 μm), small pores (2 μm < d < 8 μm), and micropores (d < 2 μm). The 455 

fractal dimension (Df) can characterize the complexity and irregularity of pore 456 

morphology. The fractal dimension was calculated using Eq. (3). 457 

logn P =
1
2 Df  · logn A +C (3) 

where P and A are the perimeter and area of pores, respectively, C is the fitting 458 

constant, n is the base number of logarithm, and 10 is taken in this study. 459 

 460 

Fig. 14. Microstructural morphology quantification. 461 

Fig. 15 illustrates the trends in specimen porosity and cumulative pore volume 462 

proportion under different cyclic modes. All three cyclic modes promoted the 463 
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development of internal pores, with porosity showing a continuous increasing trend as 464 

the number of cycles increased. After 10 cycles, the porosity of specimens under WD, 465 

FT, and WDFT cycles reached 7.83%, 7.04%, and 9.13%, respectively. Compared to 466 

the initial untreated specimen, this represents an increase of approximately 3.4%, 3.0%, 467 

and 4.2%, respectively. Regarding pore size distribution, the number of cycles had 468 

minimal impact on micropores. Therefore, changes in micropore count are not reflected 469 

in the statistics. This study primarily observed the characteristics of changes in small 470 

pores, mesopores, and macropores. The results indicate that different cyclic modes 471 

share commonalities yet possess distinct characteristics in their influence on pore size 472 

distribution. Under WD and WDFT cycles, the overall change in pore size was 473 

relatively consistent. With increasing cycle numbers, the proportion of macropores 474 

increased significantly, while the proportions of mesopores and small pores relatively 475 

decreased. Under FT cycles, as mesopores gradually transformed into macropores, a 476 

substantial number of small pores were also generated within the aggregates. 477 

Consequently, this manifested as a simultaneous increase in the number of small pores 478 

and macropores, with a relative decrease in the proportion of mesopores. After 10 cycles, 479 

the proportions of small pores, mesopores, and macropores under WD cycles were 1.3%, 480 

87.6%, and 11.1%, respectively. The corresponding proportions under FT cycles were 481 

7.5%, 82.5%, and 10.0%. Under WDFT cycles, they were 1.2%, 84.2%, and 14.6%, 482 

respectively. The WDFT coupling cycles had the most pronounced impact on the pore 483 

structure, not only showing the largest increase in porosity but also the highest 484 

proportion of macropores, demonstrating a synergistic promoting effect of WD and FT 485 
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cycles in facilitating pore development. 486 

 487 

Fig. 15. Porosity and cumulative pore volume ratio of samples after each process of 488 

cycles. 489 

To reveal the spatial distribution patterns of pores and quantify the evolution of their 490 

orientation characteristics, this study conducted statistical analysis based on pore 491 

orientation angles. The pore orientation angle is defined as the angle between the long 492 

axis of a pore outline and the vertical axis. The angle range is fixed from 0° to 180° and 493 

divided into 9 directional intervals at 20° increments. The distribution frequency of pore 494 

orientation angles within each interval was then calculated for each specimen (Fig. 16). 495 

As shown in Fig. 14, the initial specimen exhibited a relatively uniform distribution of 496 

pore angles, indicating a structure with good isotropy. After being subjected to different 497 

cyclic modes, the pore orientation of the specimens changed significantly, gradually 498 

transitioning from an initially uniform multi-directional distribution to a concentrated 499 

distribution along specific directions. The cycles significantly increased pore sizes, and 500 

the contribution of larger pores to the overall directional distribution became more 501 
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prominent, thereby strengthening the concentration trend in specific orientations. After 502 

WD cycles, the pore orientations of the specimens became significantly concentrated 503 

in the 0°-20° and 160°-180° intervals, while the distribution frequencies in other 504 

directions generally decreased. The FT cycles caused pores to develop primarily along 505 

the 60°-120° directional interval. This phenomenon may be related to the mechanism 506 

of ice crystal growth and propagation along the path of least resistance during the 507 

freezing process. Under the coupled WDFT cycles, the directional distribution of pores 508 

exhibited characteristics of both WD and FT types, showing concentration in intervals 509 

both parallel and perpendicular to the vertical axis. 510 

 511 

Fig. 16. The pore directional distribution.  512 

Fig. 17a illustrates the variations in fractal dimension under different cyclic modes. 513 

The initial specimen contained approximately 150 pores exhibiting fractal 514 

characteristics. As the number of cycles increased, the number of pores with fractal 515 

characteristics continued to rise, and the curve characterizing structural complexity 516 
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shifted overall toward the upper right. Based on the evolution characteristics of the 517 

fractal dimension, the fractal dimension curve can be divided into a slow growth stage 518 

and a rapid growth stage. During the rapid growth stage, the fractal dimension increased 519 

significantly, indicating that as the number of pores increased, the irregular pore 520 

morphologies also became notably more prevalent, forming a complex and disordered 521 

pore structure. Further analysis calculated the change in the average fractal dimension 522 

of the pore structure (Fig. 17b). The average fractal dimension of pores in specimens 523 

subjected to WDFT cycles ranged from 1.176 to 1.198, which was significantly higher 524 

than that under individual cyclic actions at the same cycle number. This reflects the 525 

further complexity of microstructure evolution induced by the coupled WD and FT 526 

effects. 527 

 528 

Fig. 17. Pore fractal dimension of samples after each process of cycles. 529 

4.Discussion 530 

4.1. Correlation analysis 531 

This study systematically analyzed loess specimens subjected to WD, FT, and WDFT 532 

cycles, revealing the degradation patterns of the specimens from the perspectives of 533 
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macroscopic physical-mechanical properties and microstructure. The results indicate 534 

that all three cyclic modes lead to varying degrees of performance degradation in the 535 

specimens. Specifically, porosity, fractal dimension, and electrical resistivity exhibit a 536 

positive correlation with the number of cycles, while P-wave velocity, thermal 537 

conductivity, shear strength, cohesion, and internal friction angle show a negative 538 

correlation with increasing cycle numbers (Fig. 18). Both WD and FT cycles affect the 539 

physical-mechanical properties of loess by damaging its internal structure, and their 540 

damage effects are cumulative and irreversible [10]. Due to their distinct core 541 

mechanisms, their damage patterns and severity differ significantly. 542 

The WD cycles are primarily driven by the periodic increase and decrease of 543 

moisture, causing uneven expansion and contraction of the soil mass, which in turn 544 

initiates and propagates micro-cracks [15]. The WD damage manifests as the formation 545 

of crack networks and a loose, layered structure. The WD cycles may also involve 546 

chemical effects, such as the dissolution of soluble cementing minerals in aqueous 547 

environments [25]. In contrast, the FT cycles are dominated by severe physical 548 

disruption caused by water-ice phase changes. The frost heave pressure generated by 549 

ice crystal growth during freezing promotes pore expansion and particle exfoliation 550 

[19]. During the subsequent thawing phase, as temperatures rise, moisture migration 551 

further disrupts the soil structure, continuously forming an open, porous framework. 552 

Consequently, macroscopic FT damage is characterized by numerous pores and 553 

localized exfoliation (Fig. 11c). Although both ultimately lead to the progressive 554 

degradation of physical-mechanical properties, the degree of deterioration exhibits 555 



 33 

certain stage-specific characteristics. In the early stages of cycling, the intense phase 556 

change associated with FT cycles causes more severe structural damage to the loess, 557 

resulting in greater degradation than WD cycles. However, as the number of cycles 558 

increases, the continuous softening and cumulative damage effect of WD cycles on the 559 

soil structure become significantly more pronounced. Therefore, the detrimental effect 560 

of WD cycles gradually surpasses that of FT cycles. Under the same number of cycles, 561 

the WDFT coupling cycles had the most significant impact on all parameters. By 562 

comparing the magnitudes of change, it is evident that the damage to loess from the 563 

coupled WD and FT effects is not merely an additive combination of their individual 564 

effects but represents a more complex, nonlinearly accelerating deterioration. 565 

 566 

Fig. 18. Changes in micro and macro parameters. Notes: P, Porosity (%); c, P-wave 567 

velocity (km/s); k, Thermal conductivity (W/m·k); ρ, Electrical resistivity (Ω·m); τ, 568 

Shear strength under σn=50kPa (kPa); C, Cohesion (kPa); φ, Friction angle (°); Df, 569 

Average fractal dimension of pore. 570 

To further investigate the intrinsic relationships among various parameters during the 571 

cyclic processes, this study employed Pearson correlation analysis, with the results 572 

presented in Fig. 19. In the figure, red indicates positive correlations, blue indicates 573 

negative correlations, and the absolute value of the numbers reflects the strength of the 574 
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correlation. The analysis shows that with increasing cycle numbers, the parameters 575 

exhibited strong correlations with each other. Since FT action had a minor influence on 576 

the internal friction angle, its correlation with other indicators was relatively weak. The 577 

microstructural parameters demonstrated high correlations with all physical-578 

mechanical parameters, reaching a significance level at 0.001. In summary, this study 579 

confirms that the evolution of the microstructure is the fundamental mechanism driving 580 

changes in the macroscopic physical-mechanical properties of loess. Physical indicators 581 

such as wave velocity, thermal conductivity, and electrical resistivity, along with 582 

mechanical indicators such as shear strength and cohesion, can all serve as effective 583 

parameters for evaluating the degree of structural damage in the specimens. 584 

 585 

Fig. 19. Pearson's correlation matrix for parameters. Notes: *, ** and *** denote that 586 

parameters are significant at the 0.05, 0.01 and 0.001 level. 587 

4.2. The influence mechanism of WDFT cycles 588 

Loess materials are subjected to alternating wetting during the rainy season and drying 589 

during the arid season, while also experiencing freezing due to sharp temperature drops 590 

in winter and thawing caused by rising temperatures in spring. This complex natural 591 

environmental condition indicates that the gradual deterioration of loess material 592 



 35 

properties results not from a single WD or FT action, but from the synergy and 593 

superposition of multiple processes under coupled WDFT effects [45]. This study 594 

focuses on investigating the damage evolution mechanism of loess under coupled 595 

WDFT action (Fig. 20). 596 

In the subsequent drying stage, water evaporation releases pore water pressure, 597 

causing anisotropic and uneven shrinkage of the soil. When the shrinkage stress 598 

between internal particles exceeds the tensile strength, corresponding desiccation 599 

shrinkage micro-cracks are generated. Although some dissolved substances may re-600 

precipitate, creating secondary cementation, its bonding strength is far lower than that 601 

of the primary cement, making it ineffective in restoring the integrity of the initial 602 

structure. During the second wetting stage, some of the interconnected cracks formed 603 

by the previous WD action become new preferential pathways for moisture migration, 604 

significantly enhancing water infiltration capacity. Some cementing minerals further 605 

decompose under hydration, causing the splitting and disintegration of some aggregates 606 

and increasing the distance between particles, which creates favorable conditions for 607 

subsequent freeze-thaw damage. In the freezing stage, the volume expansion resulting 608 

from the phase change of pore water exerts significant crystallization pressure on the 609 

surrounding mineral particles. The formation of ice lenses not only promotes the 610 

propagation of existing cracks but also generates new micro-cracks within some 611 

particles. In the subsequent thawing stage, the fragmented particles rearrange under 612 

gravity, and the original pore structure cannot be restored, resulting in an overall 613 

loosening of the soil structure. 614 
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As the number of cycles increases, the crack development induced by WD action and 615 

the structural fragmentation caused by FT action mutually reinforce each other, 616 

establishing a positive feedback amplification mechanism. The crack network provides 617 

pathways for moisture migration and the development of ice lenses, while frost heave 618 

action further enlarges the crack scale and continuously generates new pore structures. 619 

This persistently enhances the infiltration capacity of aqueous solutions and intensifies 620 

hydration processes. This coupled synergistic effect ultimately leads to the evolution of 621 

soil damage from microscopic structural deterioration to large-scale macroscopic 622 

failure. This coupled damage mechanism also provides a clearer explanation for why, 623 

under the same number of cycles, the damage extent induced by coupled WDFT action 624 

far exceeds that caused by any individual action, and why the overall damage is not 625 

simply an additive superposition of the two individual damaging effects. 626 
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 627 

Fig. 20. The internal and macroscopic structure evolution diagram of loess during 628 

WDFT cycles. 629 

4.3. Mechanism of loess landslide induced by extreme environmental factors 630 

The instability and failure of loess slopes often result from a phased and progressive 631 

evolution under the long-term coupled effects of multiple environmental factors. Based 632 

on comprehensive field investigations and laboratory experimental analyses, the 633 

evolutionary mechanism of loess landslides under coupled WDFT action can be divided 634 

into the following four stages (Fig. 21).  635 

(Ⅰ) Rainfall wetting stage: Precipitation not only scours the slope surface, forming 636 

gullies, but also infiltrates into the interior of the slope along the vertical joints of 637 

the loess. Under the influence of rainwater infiltration, existing cracks further 638 
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propagate, manifested by the development of surface collapse pits and the 639 

formation of preferential seepage pathways at greater depths. Due to differences 640 

in the permeability of soil layers at various depths, a potential stagnant water zone 641 

forms where infiltration is slower at specific depths. Sustained infiltration 642 

exacerbates particle migration and the stagnant water effect. Concurrently, 643 

hydration weakens the cementation strength of the soil, leading to its uneven 644 

softening and the formation of structurally weak zones within the slope. 645 

(Ⅱ) Dry and evaporation stage: Water evaporation induces overall drying shrinkage of 646 

the soil mass. When the resulting shrinkage stress exceeds the soil's tensile strength, 647 

new shrinkage cracks form near the weak zones generated by prior hydration. 648 

These cracks interconnect with the existing seepage pathways, significantly 649 

enhancing moisture migration capacity and creating favorable conditions for 650 

subsequent FT damage. 651 

(Ⅲ) Freezing stage: Under low-temperature conditions, water that has infiltrated along 652 

the cracks undergoes phase transition, forming ice lenses. This process generates 653 

significant frost heave pressure acting on the crack walls, substantially expanding 654 

the existing cracks. As drainage channels near the slope surface become blocked 655 

by ice formation, a frozen stagnant water layer develops within the slope mass. 656 

The soil in this layer suffers from the dual effects of hydration-induced softening 657 

and frost heave damage, becoming a key weak zone governing slope stability. The 658 

potential shear outlet formed during this stage, together with the continuously 659 

propagating frost heave cracks, constitutes a complete potential sliding surface. 660 



 39 

(Ⅳ) Thawing stage: As temperatures rise, the ice melts, and water is discharged 661 

intensively along the drainage channels on the slope surface. The resulting seepage 662 

pressure and internal erosion significantly reduce the shear strength of the potential 663 

sliding surface. Once the stress state of the slope exceeds its critical bearing 664 

capacity, overall sliding failure occurs [27]. 665 

It is important to emphasize that the sliding failure of a loess slope may occur after a 666 

single or several cycles of coupled WDFT action, or it may manifest during a specific 667 

WD or FT phase within a WDFT coupling cycle. Therefore, slope sliding cannot be 668 

attributed to any single process, but is instead the inevitable outcome of the coupling 669 

and cumulative damage of multiple physical and chemical processes, including water 670 

infiltration, particle migration, crack propagation, hydration softening, and frost heave 671 

fracturing [3, 46]. This multi-process coupled, progressive failure mechanism can 672 

provide a theoretical basis for the stability assessment and hazard prevention of loess 673 

slopes in regions with significant seasonal climatic variations. 674 
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 675 

Fig. 21. Mechanism of loess landslides induced by WDFT cycles. 676 

5.Conclusion 677 

This study focuses on loess regions subjected to seasonal wet-dry (WD) and freeze-678 

thaw (FT) cycles. By employing multiple technical methods, including P-wave velocity 679 

testing, electrical resistivity measurement, scanning electron microscopy (SEM) 680 

analysis, and direct shear tests, it systematically reveals the evolution of the 681 

microstructure and the degradation patterns of macroscopic physical and mechanical 682 

properties of loess materials under WD cycles, FT cycles, and wet-dry-freeze-thaw 683 

(WDFT) cycles. The research aims to investigate the damage inflicted on loess 684 

materials by coupled WDFT action in extreme environments and the disaster-causing 685 

mechanisms of landslides thereby induced. The results of this paper can be summarized 686 
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as follows: 687 

(1)  Under the three cyclic modes, both the P-wave velocity and thermal conductivity 688 

of the loess specimens exhibited a phase-wise decrease with increasing cycle 689 

numbers, characterized by an initial rapid decline followed by gradual stabilization. 690 

Changes in the pore structure hindered efficient electrical conduction through the 691 

soil skeleton, leading to an increasing trend in electrical resistivity. The variation 692 

in electrical resistivity showed clear frequency dependence, with the low-693 

frequency range (1-10 kHz) being more sensitive to structural damage in the soil. 694 

The deterioration effect of the WDFT coupling cycles on physical properties was 695 

significantly more pronounced than that of individual WD or FT cycles. After 10 696 

cycles, the reductions in P-wave velocity and thermal conductivity reached 42% 697 

and 39%, respectively, while the electrical resistivity increased by 144% at a test 698 

frequency of 1 kHz. 699 

(2)  The evolution of the mechanical behavior of loess exhibits clear dependence on 700 

the cyclic mode. The stress-strain curve of untreated specimens displays strong 701 

strain-softening behavior, which transitions to weak strain softening with an 702 

increasing number of cycles. Both shear strength and strength parameters show a 703 

nonlinear decrease as the cycle numbers rise, with the degradation rate increasing 704 

rapidly in the initial stage and tending to stabilize later. WD and WDFT coupling 705 

cycles lead to the simultaneous degradation of cohesion and the internal friction 706 

angle, whereas FT cycles primarily cause a reduction in cohesion. 707 

(3)  Qualitative and quantitative analyses of both macroscopic morphological 708 
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features and microstructural changes jointly reveal the evolutionary patterns of the 709 

soil structure. WD cycles primarily form a directionally developed crack network, 710 

while FT cycles mainly lead to the generation of a porous structure. The WDFT 711 

coupling cycles exhibit the destructive characteristics of both, forming a more 712 

significant interconnected damage system. With an increasing number of cycles, 713 

the porosity of the specimens continuously increases, and the directionality as well 714 

as the complexity of the pores are enhanced. While cyclic actions lead to an 715 

increase in the proportion of macropores, FT cycles also result in a rise in the 716 

proportion of small pores. 717 

(4)  The degradation effects of different cyclic actions exhibit significant temporal 718 

variation and stage-specific characteristics. In the early stages of cycling, FT has 719 

a greater impact on specimen performance than WD. As the number of cycles 720 

increases, the cumulative damage effect of WD cycles gradually becomes 721 

dominant. The crack networks formed by WD action and the frost-induced 722 

fragmentation caused by FT action mutually reinforce each other through a 723 

positive feedback mechanism. The combined damage effect of WD and FT actions 724 

results in the most pronounced deterioration under WDFT coupling cycles, with 725 

the extent of damage far exceeding a simple superposition of individual cyclic 726 

modes. This coupled synergistic effect ultimately drives a progressive evolution 727 

of soil failure, from microstructural damage to macroscopic slope instability. 728 
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