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The structural integrity of slopes in the Ili Valley is critically influenced by the inherent characteristics of loess, particularly when it is subjected to the seasonal climatic changes. In the present research, a series of triaxial shear tests were carried out to examine the mechanical behavior of the Ili loess under different dry–wet and frost–thaw cycles. In parallel, some testing methods, including scanning electron microscopy (SEM) and nuclear magnetic resonance (NMR), were applied to investigate the progressive damage characteristics and the alterations in terms of the microstructures. Test results demonstrated a strong correlation between the macroscopic mechanical resistance and microstructural changes of the Ili loess subjected to the dry–wet and freeze–thaw cycles. The impact of the freeze–thaw cycles was more pronounced than other parameters, when the reduction in shear strength of the Ili loess under dry–wet cycles was accounted for. The results also showed that either the cohesion or the internal friction angle is very different from each other. Furthermore, changes in terms of the microstructure, such as the particle size, porosity, morphology, soil structure, and particle contact mode, exhibited distinct characteristics under varying climates. The research outcomes obtained from this research offer valuable data reference and theoretical guidelines to prevent or postpone the occurrence of the landslide in the Ili Valley under critical environmental conditions.
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1 INTRODUCTION
Either the loess or the loess-like deposits, being the most widely distributed sediment on the earth, are of significant importance for engineering safety. As illustrated in Figure 1, the Ili Valley located in the eastern part of Central Asia is not only the northern hub of the ancient Silk Road but also the primary region for widespread distribution of the loess in China (Song et al., 2014; Song and Shi, 2010). The slope stability is critically affected by the mechanical characteristics of the Ili loess, and any potential degradation of it will significantly threaten the safety of local inhabitants and public properties.
[image: Figure 1]FIGURE 1 | Distribution of loess in the Ili Valley.
Climate change has been observed to significantly affect the seepage, strength, deformation, and other physico-mechanical characteristics of the Ili loess (Lv et al., 2021). Notably, low temperatures, which cause the ground to freeze, coupled with the elastic thermal expansion and plastic thermal softening, pose some critical engineering challenges. Previous studies have shown a strong connection between the mechanical properties of Ili loess and the region’s abundant rainfall, intense sunshine, and high evaporation rates (Mo et al., 2018). In addition to these critical factors, changes in water content can alter the physico-mechanical properties of the surface soil, with subsequent degradation potentially resulting in landslides in mountainous regions.
To evaluate the impact of climate changes on the mechanical properties of the loess, laboratory tests considering the dry–wet and freeze–thaw cycles are widely adopted (Cai et al., 2019; Chou et al., 2019; Tian et al., 2020; Zhou et al., 2018). Numerous laboratory tests have concentrated on the macro-mechanical behavior to understand how large-scale mechanical properties respond to environmental changes (Chou et al., 2019; Hu et al., 2020; Kong et al., 2021; Li et al., 2019a; Liu et al., 2020; Qin et al., 2021; Shi, 2022; Xu et al., 2020; Yuan et al., 2022; Nie, 2021; Zhang et al., 2022; Chou and Wang, 2021). Only limited research, however, was carried out to explore the impacts of the changed microstructure (Cai et al., 2019; Tian et al., 2020; Li et al., 2019b; Xu et al., 2020; Yuan et al., 2022; Nie et al., 2021; Zhang et al., 2022). Various experimental methods have been applied to investigate the mechanical behavior of the loess. Key approaches include the direct shear test (Chou, 2019; Zhou, 2018) and the triaxial shear test (Mo et al., 2018; Hu et al., 2020; Li et al., 2019a; Qin et al., 2021; Wang et al., 2019; Yuan et al., 2017), as well as advanced imaging techniques such as scanning electron microscopy (SEM) (Mo et al., 2018; Tian et al., 2020; Hu et al., 2020; Shi, 2022; Nie, 2021; Chou and Wang, 2021; Zhuang et al., 2021), nuclear magnetic resonance (NMR), and computed tomography (CT) (Yuan et al., 2022). For instance, Pan et al. (2019) conducted the dry–wet cycle tests on the loess obtained from Yan’an city. Their research verified that the increased number of cycles and water content weakened the cementation of soil particle, leading to reduced shear strength, cohesion, and internal friction angle. Cai et al. (2019) revealed the degradation process and failure mechanisms of expansive soils in cold regions under combined dry–wet and freeze–thaw cycles with the application of CT. Tian et al. (2020) examined the microstructure of the loess via the SEM and determined that the pore structure of the loess would reach the dynamic equilibrium stage after repeated cycles. Other studies have examined how mineral content (Li et al., 2019b; Shi, 2022), water content (Shi, 2022), and changes in the soil–water characteristic curve (Nie, 2021; Chou and Wang, 2021) impact the loess properties.
The current research in terms of the effects of freeze–thaw cycles on the loess mainly focused on its mechanical strength (Li et al., 2019b; Li et al., 2020; Liu et al., 2022a; Zheng et al., 2021), water content, permeability (Lv et al., 2021; Lu, 2019; Xu et al., 2021; Zhang, 2020; Zhao et al., 2020), and microstructural changes (Liu et al., 2022b; Xu et al., 2021; Fu et al., 2021; Liu et al., 2021; She, 2019). Li et al. (2020) examined the impacts of freeze–thaw cycles on the shear strength of undisturbed loess in the Xining city. Notably, temperature gradients significantly affected the strength attenuation, with the most detrimental range from −15°C to 15°C. Similarly, Liu et al. (2022b) investigated the stability of loess roadbeds subjected to freeze–thaw cycles, revealing an initial increase in strength, followed by a subsequent decline. Zheng et al. (2021) examined the strength characteristics of loess under complex stress paths, discovering that freeze–thaw cycles had a relatively minor effect on the stress–strain curve. Additional research studies were also carried out to investigate the morphological changes in water (Liu et al., 2020) and wave velocity (Shi et al., 2022). These experimental methods generally included compression tests (Liu et al., 2022c; Liu et al., 2021; She, 2019), triaxial shear tests (Li et al., 2019a; Li et al., 2020; Zheng et al., 2021), permeability experiments (Li et al., 2019b; Xu et al., 2021; Zhao et al., 2020), SEM analysis (Mo et al., 2018; Li et al., 2019a; Liu et al., 2022a; Liu et al., 2021; She, 2019), NMR (Shi et al., 2022), and CT scanning (Xu et al., 2021).
Currently, a huge number of research studies on loess have predominantly focused on the Loess Plateau region; however, studies on loess in the Ili Valley are still in their nascent stages. Due to its unique formation environment, both the material composition and physico-mechanical properties of loess in the Ili Valley are very different from those of loess distributed in other regions, the characteristics of which are generally influenced by the terrain and geological conditions (Song et al., 2014; Li, 2018; Song et al., 2018). Limited research has investigated the change in Ili loess properties under dry–wet and freeze–thaw conditions (Lv et al., 2021; Mo et al., 2018; Shi, 2022; Huang et al., 2021). Although existing research mainly concentrated on the impacts of individual factors, the loess is simultaneously subjected to both dry–wet and freeze–thaw cycles, which involve multiple interacting variables. Without comparative analyses of combined or differential effects, the current research does not fully capture the evolution of loess strength characteristics under multiple cycles. Consequently, it is necessary to investigate the degradation mechanisms of Ili loess strength under different cycling conditions.
In the present research, the effects of dry–wet and freeze–thaw cycles on the mechanical properties of the Ili loess were investigated via the triaxial shear tests. Meanwhile, some critical parameters related to the microstructure (e.g., the particle size, porosity, pore water distribution, and particle contact modes) were evaluated with the application of the SEM and NMR instruments.
2 FAILURE CHARACTERISTICS OF THE ILI LOESS SLOPE
The sharply increasing temperature from April to May accelerates the melting of ice and snow, resulting in the daily repeated dry–wet and freeze–thaw cycles. During this period, both the physical and mechanical properties of the loess slope undergo the damage associated with the dynamic and static water-level changes. The deformation characteristics of mountain slopes are primarily manifested as the spalling of the surface layer, which is often accompanied by creeping slips, collapses, and mudflows. As per the convective heat transfer principle between the air and soil, warmer water migrates from deeper layers to the surface, leading to the formation of layered ice lenses on the surface (see Figures 2a, b). Affected by the dry–wet and freeze–thaw cycles, the deformation patterns of the slope in the Ili Valley are dominated by reticulated spalling (Figure 2c), layered spalling (Figure 2d), and block spalling (Figure 2e). Additionally, some slopes are featured with convex-shaped, layered hard shells (Figure 2f) in the cold winter. As these hard shells melt and collapse, progressive deformation originates from the slope toe, eventually leading to complete instability (Figures 2g, h).
[image: Figure 2]FIGURE 2 | Failure modes of Ili loess slope under dry-wet and freeze-thaw cycles. (a,b) are layered ice lenses; (c) is reticulated spalling; (d) is layered spalling; (e) is block spalling; (f) is hard shells; (g,h) are hard shells melt and collapse.
3 LABORATORY TESTS
3.1 Raw materials and specimen preparation
The Ili loess used in the present research was collected from Xinyuan County, Xinjiang, and its basic physico-mechanical parameters are listed in Table 1 for reference. The preparation procedures of samples for both the freeze–thaw and dry–wet cycling tests were identical. In practice, the soil samples were air-dried, pulverized, and then sieved through a 2-mm mesh to generate test specimens (Figure 3). The averaged water content of the prepared specimens is 17.4% (equal to the optimal water content), and their maximum dry density was measured at 1.86 g/cm3.
TABLE 1 | Basic physical properties.
[image: Table 1][image: Figure 3]FIGURE 3 | Samples for (a) tri-axial shear test and (b) microstructure analysis.
3.2 Experimental design
The number of dry–wet cycles was set to 0, 1, 3, 5, 10, 20, and 30. During these processes, the initial water content of the loess began at 17.4%, with a minimum and a maximum (saturated) content of 10% and of 24.57%, respectively. As depicted in Figure 4, the preset water content was consistently achieved at the end of each full dry–wet cycle.
[image: Figure 4]FIGURE 4 | Process of the dry–wet cycle.
Upon completion of the designated dry–wet cycles, triaxial shear tests and microstructural analyses were conducted using a stress-controlled instrument (TFB-1). As illustrated in Figure 5, the prepared specimens were placed into the instrument, and confining pressures of 100 kPa, 200 kPa, and 300 kPa were then applied. The selected specimens were analyzed with SEM to examine surface morphology, whereas seven groups were evaluated using NMR (MesoMR23-60H-I).
[image: Figure 5]FIGURE 5 | Testing apparatus for the laboratory tests.
The freeze–thaw cycle tests were carried out by the JW-2000 test chamber. The freezing temperature was set at −20°C, with each cycle lasting 15 h, whereas the melting temperature was set at 15°C for a constant period of 9 h. A previous research has demonstrated that the original cementation of soil samples is completely disrupted after 50 freeze–thaw cycles (Qi et al., 2014). Considering the high frequency and prolonged nature of freeze–thaw processes in the Ili Valley, the maximum number of cycles was set to 60 times. Samples subjected to 0, 5, 10, 20, 30, 45, and 60 cycles were selected for triaxial compression tests to examine the damage characteristics of Ili loess under freeze–thaw conditions. The freeze–thaw cycling path is depicted in Figure 6 for reference.
[image: Figure 6]FIGURE 6 | Freeze–thaw cycling path.
4 EXPERIMENTAL RESULTS
4.1 Behavior of the loess subjected to dry–wet cycles
The stress–strain curves of the tested specimens with variable principal stress are depicted in Figure 7, in which different confinement conditions were also accounted for. It is evident from Figure 7 that the peak values of the principal stress for different samples are much variable. Notably, samples exposed to various numbers of dry–wet cycles exhibit a significant reduction in the difference between principal stresses compared to those that did not undergo any cycles. This indicates a weakening of the soil’s structural integrity as a result of repeated dry–wet cycling. Taking the stress–strain curves of the specimen with a confining pressure of 300 kPa, for example, the stress–strain curve of the untreated sample exhibits the highest peak, indicating that the dry–wet cycles lead to mechanical degradation of the loess, accompanied by a reduction in strength.
[image: Figure 7]FIGURE 7 | Stress–strain curves of tested specimens subjected to dry–wet cycles.
The maximum and minimum principal stresses were fitted using the σ1–σ3 method to determine the shear strength parameters of Ili loess under varying frequencies of dry–wet cycles. The results are summarized in Table 2, which indicates the potential degradation in mechanical properties with increased number of cycles.
TABLE 2 | Shear strength of loess after different dry–wet cycles.
[image: Table 2]Figure 8 illustrates the relationship between the friction and the cohesion values at the given number of dry–wet cycles. Compared to the untreated sample, those subjected to dry–wet cycles exhibit a reduction in the internal friction angle. This reduction varies initially but stabilizes as the number of cycles increases. It is evident in Figure 8 that the impact of dry–wet cycles is most pronounced at the initial stages, which significantly affects the cohesion of the specimens.
[image: Figure 8]FIGURE 8 | Variation in the shear strength parameters with the number of dry–wet cycles.
Figure 9 illustrates the shear strength of the tested specimens at different numbers of dry–wet cycles, in which the shear strength was calculated by the Mohr–Coulomb law. Compared to samples that were not subjected to any dry–wet cycles, there is a noticeable reduction in shear strength immediately following the initial dry–wet cycle. With the increased number of wet and dry cycles, the shear strength exhibited an initial fluctuation but then experienced a slight increase before eventually stabilizing.
[image: Figure 9]FIGURE 9 | Development trends of shear strength.
Figure 10 presents the results of porosity at various dry–wet cycles, as determined by NMR testing. The data revealed a significant increase in porosity with the increased number of dry–wet cycles. Notably, significant changes in porosity occur at cycle counts of N = 1 and N = 3. As the number of dry–wet cycles continues to rise, the range of porosity variation gradually decreases. This trend is likely due to the redistribution of moisture within the specimen during the cycling process. That is, the induced motion of microparticles in the soil and the connected pores in the loess form a water conveyance channel when the specimens are suffering from the dry–wet cycles. This phenomenon is especially evident at the initial stage, where significant changes in porosity occur. As the number of dry–wet cycles increases, more water conveyance channels are formed, which likely reduces the effect of moisture on soil particle migration over time. Consequently, the internal particle structure tends to stabilize, associated with a gradual decrease in the range of porosity variation, which eventually reached a constant state.
[image: Figure 10]FIGURE 10 | Development trends of porosity during dry–wet cycles.
Figure 11 illustrates the pore size distribution of the loess subjected to various dry–wet cycles, with pore diameters predominantly within the 0.01–100 μm range. These untreated Ili loess samples exhibited a bimodal pore size distribution, peaking at 1 μm and 20 μm. With the increased number of wet and dry cycles, the pore size distribution gradually transitioned to the unimodal type, and the peak value was 1 μm. As can be seen from Figure 11, the pore size distribution curve progressively shifts to the right, indicating an increase in pores, with approximately 10 μm in diameter. This observation showed that micropores gradually connected to form pores in the soil and became enlarged in the process of dry–wet cycling. Consequently, the number of micropores gradually decreases, whereas the amount of large and medium-sized pores steadily increases. The formation of enhanced water conveyance channels and larger pores will weaken the loess structure, and the created potential failure surfaces will quickly lead to sliding surfaces. This phenomenon is generally associated with reduced shear capacity and strength degradation.
[image: Figure 11]FIGURE 11 | Distribution of pore size at different numbers of wet and dry cycles.
Specimens subjected to various numbers of dry–wet cycles were analyzed using SEM, and the results of them are presented in Figure 12. According to the characterization by SEM, the particles became smaller, and both the abundance of particle units and pores inside the soil increased. However, the anisotropy rate decreased, and the inner structure of the soil became simple.
[image: Figure 12]FIGURE 12 | SEM images of the Ili loess after different numbers of dry–wet cycles.
Figure 13 demonstrates the changes in microstructural parameters of the loess sample, suggesting significant fluctuations in the average pore size. This observation suggests that the particle units and pores become more circular in shape with improved uniformity. As the dry–wet cycle progress continues, particles and pores become more uniform and smoother, whereas the anisotropy rate of the loess decreases. This development trend implied that the internal structure of the soil gradually simplified under the influence of dry–wet cycling.
[image: Figure 13]FIGURE 13 | Relationship between the number of dry–wet cycles and microstructural parameters.
4.2 Behavior of the loess subjected to freeze–thaw cycles
4.2.1 Variation in the shear strength of loess under freeze–thaw cycles
The stress–strain curves of the loess after different numbers of freeze–thaw cycles are illustrated in Figure 14. The corresponding internal friction angle and cohesion values, calculated upon the Mohr–Coulomb law, are shown in Figure 15. With the increased number of freeze–thaw cycles, the cohesive force of the loess initially declined, followed by a rise, and ultimately stabilized by the end of the tests. The internal friction angle follows a similar pattern (i.e., initially decreasing, then increasing, and then experiencing another decline before reaching a stable state).
[image: Figure 14]FIGURE 14 | Stress-strain curves of loess under different numbers of freeze-thaw cycles. (a):200kpa; (b):300kpa; (c):100kpa.
[image: Figure 15]FIGURE 15 | Trends of the shear strength parameters of loess under freeze–thaw cycles.
The calculated shear strength parameters, such as the cohesion (c) and internal friction angle (φ), were employed to determine the shear strength of the specimens. As illustrated in Figure 16, the shear strength exhibits varying trends across different numbers of wet–dry cycles and confining pressures. Unlike specimens without freeze–thaw cycles, those specimens subjected to freeze–thaw cycles exhibited a reduction in shear strength, which was particularly notable during the initial stages. With the increased number of freeze–thaw cycles, shear strength experienced a slight increase and eventually stabilized after prolonged fluctuations.
[image: Figure 16]FIGURE 16 | Development trends of shear strength.
Figure 17 depicts the microscopy images of loess samples after varying numbers of freeze–thaw cycles. It is clear that the particles, pores, and overall structure of the specimens undergo significant changes following the freeze–thaw cycles. Unlike the samples without freeze–thaw cycles, the details of skeleton particles of these specimens were more precise, featured with noticeable holes. The structure predominantly displays an overhead configuration, where uneven particles mainly achieve surface contact. Additionally, there is a notable size disparity between large and small particles, and irregular fractures appear on the surfaces of the skeletal particles, marked by sharp edges and corners.
[image: Figure 17]FIGURE 17 | SEM images of loess samples after different numbers of freeze–thaw cycles.
Following five freeze–thaw cycles, the morphology of the particles experienced an initial change and some fine particles were agglomerated, during which a small number of large flake particles were partially cracked. Affected by the freeze–thaw cycles, both the edges and corners of the particle surface fracture were no longer clear, which appeared more rounded. Although the soil maintained an overhead structure, numerous point-to-surface contacts began to form between different particles. After ten freeze–thaw cycles, the splitting of larger particles led to the formation of numerous flake particles, and the overall loess structure transitioned to a new arrangement, which was characterized by increased point contacts between particles.
As freeze–thaw cycles increased, particles continued to aggregate or crack. The edges and corners of the loess particles were progressively worn down due to freeze–thaw-induced extrusion and friction, leading to increased structural stability over time. After 60 freeze–thaw cycles, the fragmentation of larger particles generated numerous fine granular particles, culminating in a more homogeneous granular structure, which can be seen from Figure 17.
Upon the application of the MATLAB software, the processed SEM images (Figure 18) were binarized for further quantitative analysis. As the number of freeze–thaw cycles increased, the average roundness of loess particles decreased, except notably at the fifth cycle. This observation suggests that the number of round particles close to the equiaxial region of the loess in Ili Valley decreased under the freeze–thaw cycles. The loess particles continuously underwent splitting or aggregation, as evidenced by the average maximum pore size, which exhibited a twofold increase before beginning to decrease. At the same time, freeze–thaw cycles induced continuous particle splitting and aggregation. During the splitting phase, particles filled in the pores, leading to a reduction in the maximum pore size. Conversely, both the maximum pore size and the average pore area ratio generally increased with successive freeze–thaw cycles during the particle aggregation process.
[image: Figure 18]FIGURE 18 | Microstructural parameters of loess under different numbers of freeze–thaw cycles.
The porosity of the tested specimens, as investigated through NMR, are shown in Figure 19, which suggests that the porosity generally increased, except at the tenth freeze–thaw cycle, which agrees well with the trends observed in the SEM images.
[image: Figure 19]FIGURE 19 | Trend of porosity as a result of the frequency of freezing and thawing cycles.
The T2 curve distribution for the saturated specimen is shown in Figure 20, revealing two peaks in the T2 spectrum as various frequencies of freeze–thaw cycles were evaluated. The slack time of the first peak ranged from 0.1 to 10 m. As the number of freeze–thaw cycles increased, the amplitude of the NMR signal rose, and the T2 spectrum distribution shifted to the right. This rightward shift effectively indicates that the number of internal pores in the specimen increased with the number of freeze–thaw cycles.
[image: Figure 20]FIGURE 20 | T2 distribution curve of loess samples under different numbers of freeze–thaw cycles.
Loess pores are classified into four categories: micropores with a radius of less than 1 μm, micropores with a radius of 1–4 μm, medium pores with a radius of 4–16 μm, and large pores with a radius exceeding 16 µm. As presented in Figure 21, micropores in the topsoil specimen gradually decreased with an increasing number of freeze–thaw cycles. Meanwhile, small, medium, and large pores increased slightly, suggesting a loosening of the overall structure due to freeze–thaw cycling.
[image: Figure 21]FIGURE 21 | Distribution of different pores in samples after a number of freeze–thaw cycles.
5 DISCUSSION
5.1 Macro- and micro-characteristics of loess under dry–wet cycles
It has been well noticed that the shear strength of loess decreases gradually when it is under the dry and wet cycles (Qin et al., 2021). Initially, the effect of these cycles is pronounced, but shear strength continues to diminish as the number of cycle increases. This behavior is primarily attributed to the progressive breakdown of soil particles into smaller sizes throughout the dry–wet process. Moreover, the repeated cycles of shrinkage and expansion in loess lead to an increase in the internal pore volume and the gradual propagation of pores, which is associated with the convergence and penetration of small cracks (Wang et al., 2020; Ye et al., 2020). Note that this degradation is an accumulative process, which transited from the microscopic quantitative aspect to the macroscopic qualitative changes (see Figure 22).
[image: Figure 22]FIGURE 22 | Sample morphological diagram of dry–wet cycles (left is the dried sample and right is the wet sample).
The difference between the results of this experiment and the previous research results is obvious (Chou et al., 2019; Li and Xie, 2019; Liu, 2022; Qin et al., 2021; Xu et al., 2020; Yuan et al., 2017; Ma et al., 2022). As observed from this research, the internal friction angle generally decreased, except for five dry–wet cycles, whereas the cohesion fluctuated with the increasing number of cycles. The internal friction angle reflects the soil’s resistance to deformation, encompassing both sliding friction and interlocking friction between soil particles. Initially, the internal friction angle is high due to the irregular morphology of the soil grains. However, as dry–wet cycles progress, larger particles break down into smaller fragments, causing a shift in the predominant friction mode from interlocking friction to sliding friction.
Considering that the sliding friction is smaller than the occluding friction, the angle of internal friction of the soil decreases to some extent under dry–wet cycles. Meanwhile, the structure of the loess changes from an overhead structure (Liu et al., 2022b) to a mosaic structure, and then develops to a granular structure and flocculent structure. Notably, at the fifth dry–wet cycle, the soil’s shape factor reached its minimum, with particles adopting a flake-like appearance marked by rounded edges. This led to the formation of interlocking particles due to increased occluding friction, which in turn caused a moderate increase in the internal friction angle. Cohesion fluctuations were primarily linked to the contact pattern between particles and the state of fine particles (Wang et al., 2020; Liu et al., 2022c). When the contact between particles occurs in a surface-to-surface manner, the fine particles aggregate into a condensed form, resulting in increased cohesion. Conversely, the cohesion is lower and the fine particles are in a loose state when the particles’ connection mode is either the point-to-point or point-to-surface contact.
5.2 Macro- and micro-characteristics of loess under freeze–thaw cycles
As the number of freeze–thaw cycles increased, a decrease in shear strength correlated with changes in the pore structure was observed. The Ili loess, with its distinct composition and structure, exhibited different patterns in cohesion and internal friction angle under freeze–thaw effects compared to prior studies (Liu et al., 2019; Li et al., 2020; Liu et al., 2022a; Zheng et al., 2021; Liu et al., 2021; She et al., 2019). It is apparent that the cohesion of the soil samples decreased significantly, whereas the internal friction angle increased within 10 freeze–thaw cycles. This behavior is attributed to the freeze–thaw cycles disrupting the strong cementation between grains, as the freezing and migration of water progressively weaken the inner particle bonds. As point-to-point contacts between particles become more prevalent, the reduction in cohesion becomes pronounced. Associated with the rearrangement of the soil particles, the mosaic structure developed with the increased internal friction angle. With further freeze–thaw cycling, the effects of freeze–thaw cycles on the loess gradually diminished due to the formation of new structural bonds among loess particles.
5.3 Characteristics of loess after different numbers of dry–wet and freeze–thaw cycles
Comparative studies have previously indicated that the degradation of loess characteristics subjected to dry–wet and freeze–thaw cycles differs significantly, which is primarily attributed to differences in the material’s composition, structure, and particle characteristics, as well as differences in experimental methodologies adopted by different research workers. Chou et al. (2019), Zhang (2018), and Zhao (2019) found that the effect of dry–wet cycles is much more significant than that of the freeze–thaw cycles, whereas Li et al. (2017) reported the opposite trend. Figures 23, 24 show that the shear strength degradation for specimens subjected to freeze–thaw cycles is more significant than that of the specimens under the dry–wet cycles, when the same number of cycles is accounted for. This pronounced impact of freeze–thaw cycles is corroborated by the observation that most landslides occur in April and May during the ice and snow melting period (Cao et al., 2020).
[image: Figure 23]FIGURE 23 | Structural degradation of shear strength under wet and dry cycles and freeze–thaw cycles.
[image: Figure 24]FIGURE 24 | Degradation of cohesion and angle of internal friction under dry–wet and freeze–thaw cycles.
The fundamental reason for this difference lies in the distinct deterioration mechanisms induced by dry–wet and freeze–thaw cycles on loess. The degree of strength deterioration of loess under dry–wet cycles was primarily affected by the salt content of the soil (Xiao et al., 2018). During the cycles, the water content varies from the natural state to saturation, leading to the detachment of hydrophilic minerals within the loess, which disrupts the internal cementation and alters its internal structure, promoting an increase in the content of medium-sized pores. This process is irreversible, as evidenced by the results of the NMR tests. In contrast, the water content remains unchanged during freeze–thaw cycles. When the soil freezes, the water within it generates frost heaving and migration forces, continuously reducing the interparticle bite force and the original cementation within the soil. During the thawing process, the internal ice transforms into water, prompting the migration of soil particles and altering the internal soil structure. That is, the deterioration capability of dry–wet cycles on the loess strength is jointly constrained by the water content and the salt content. Future research is thus necessary to explore the correlation between different cycling patterns.
Under natural conditions, loess is simultaneously affected by both dry–wet and freeze–thaw cycles, and the two are not independent of each other. In the present research, a series of advanced techniques such as SEM and NMR were applied to conduct a macro- and micro-comparative analysis of the deterioration characteristics of loess under different cycles. It is indicated that the deteriorating effect of freeze–thaw cycles is more pronounced than that of dry–wet cycles in the Ili Valley. This discovery not only further enriches the triggering factors of loess landslides in the Ili area but also provides meaningful theoretical support and practical guidance for the management of loess landslide disasters and local engineering construction.
In the present study, the effects of freeze–thaw and dry–wet cycles on Ili loess characteristics are independently examined. In the actual situation, however, these two actions often occur simultaneously. Given that the behavior of loess under the combined dry–wet and freeze–thaw cycles differs significantly from that under the isolated condition (Zhou et al., 2018; Li, 2017), future investigations should focus on the assessment of the characteristics of Ili loess under the combined cyclic conditions.
6 CONCLUSION
To explore the impacts of dry–wet and freeze–thaw cycles on the mechanical degradation of the Ili loess, a series of triaxial shear tests were carried out in the present research. In parallel, some advanced techniques, such as SEM and NMR, were employed to conduct a comprehensive macro-level and microlevel comparative analysis of loess deterioration under different cyclic conditions. The conclusions drawn from this research are as follows:
(1) Under dry–wet cycling conditions, both the shear strength and the internal friction angle of the Ili loess exhibited significant reduction, whereas the cohesion experienced some degree of fluctuation.
(2) The increased number of medium and large voids caused by the increased porosity is identified as the primary cause of strength degradation of the Ili loess.
(3) Both the dry–wet and freeze–thaw cycles resulted in the fragmentation of large particles and aggregation of small particles, during which the overall particle size progressively developed to the uniform distribution state.
(4) The contact between particles of the Ili loess gradually shifts from the initial surface contact to point-to-point contact when it is exposed to the climatic fluctuations.
(5) The impact of the freeze–thaw cycles is more pronounced than that of the dry–wet cycles when the mechanical properties of the Ili loess is comprehensively evaluated.
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