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Residual soil widely distributed in Fujian region has the characteristics of strong structure and easy softening in contact with water, which limits the possibility of its beneficial utilization. This study investigates the impact of humid and hot environment on the strength characteristics of residual soil, and how changes in soil microstructure are correlated with strength attenuation. Residual soil with particle size distribution from gravel to clay was subjected to repeated hygroscopic cycle tests. Subsequently, unsaturated triaxial consolidation drainage shear (CD) and nuclear magnetic resonance (NMR) tests were carried out on the samples undergoing 0–7 hygroscopic cycles, and the damage mechanism of the soil was analyzed from macroscopic to microscopic scales. Results showed that the soil shear characteristics were influenced by the number of hygroscopic cycles and had a correlation with stress level (confining pressure and target suction), the greater the cumulative irreversible deformation and the more pronounced shear dilation characteristics of the soil had after more hygroscopic cycles and higher stress levels. The shear strength index of unsaturated soil after repeated hygroscopic paths presented a decreasing trend, but the attenuation of internal friction angle and suction friction angle was limited, and the average values were 21.3° and 14.7°, respectively. The T2 spectral distribution curve of soil was a trimodal pattern, and the content of small holes consistently decreasing as the cycling process progressed, while the percentage of macropores increased significantly. In view of the continuous dissolution of soluble minerals and cementing materials and the repeated release of suction in the soil, the internal particles of the soil were gradually loosened. Accompanied by the continuous expansion and penetration of intergranular pores, connecting cracks were ultimately formed. The above fatigue damage to the soil pore structure led to the attenuation of its macro-mechanical properties. Throughout the test, the saturated shear strength of the soil continued to decrease due to the interaggregate connection was always broken, while the destruction of the intergranular connection in the aggregate was relatively slow, and the internal friction angle in the soil implied a slow decrease and even stabilized at a later stage. The research results could provide a useful reference for a deeper understanding of the environmental damage effects on the soil macroscopic mechanical properties.
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1 INTRODUCTION
The terrain of Fujian Province is characterized by less flat land and more mountains and hills, and there are a large number of high and steep slopes in mountainous construction projects due to limited land conditions. Affected by the subtropical oceanic monsoon climate, the rocks in Fujian are strongly weathered and residual soil is developed. Residual soil has strong structural properties with anisotropic and inhomogeneous, and is easily disintegrated and softened when soaked in water (Liu et al., 2022). Residual soil slopes under rainfall infiltration are prone to instability and damage (Dou et al., 2022; Lin et al., 2024). With seasonal climate changes, slope soil is in a long-term dynamic cycle of contraction and expansion, and the soil’s ability to resist external loads is seriously affected by changes in its native structure (Zeng et al., 2019; Xu et al., 2020a). Phenomena such as dry shrinkage caused by periodic drying-wetting cycles significantly increase the compressibility and hydraulic conductivity of the soil. Structural changes in residual soils alter the cohesion between soil particles. Once the cohesion exceeds its critical value, the pore channels formed between the particles will gradually expand. In particular, the large pore channels connected by small pores serve as the priority path for rainwater infiltration, which not only increases the flow rate of rainwater infiltration, but also causes the rise of groundwater level easily due to excessive rainwater infiltration, reducing the matric suction in unsaturated areas. The reduction of matric suction results in the attenuation of soil shear strength, which in turn affects the safety of slope engineering (Xu and Ni, 2019; Xia et al., 2019). Therefore, it is of great significance to study the changes in shear strength characteristics and microstructural damage patterns of residual soil under repeated water absorption paths.
Structural changes in soil under drying-wetting cycles have an important impact on its strength and deformation, and the performance of drying-wetting cycles damage effects in different soils at the macro-fine-micro scales can be summarized as follows: strength attenuation-crack development-particle and pore structure evolution (Xu et al., 2020b; Kang et al., 2023; Sun et al., 2022; Ng and Peprah-Manu, 2023; Ng et al., 2020; An et al., 2022). The multiscale effect of mechanical property degradation of expansive soils in drying-wetting environments is related to the water sensitivity of clay minerals (Liu et al., 2021; 2024; Wang and Wei, 2015), where the expansion potential and matric potential induced by cyclic expansion and contraction of clay minerals under alternating drying-wetting conditions repeatedly act on the microscopic structure of soils, resulting in fatiguing damage to the structure. At the same time, tensile stresses generated by the inhomogeneous drying shrinkage of the soil drives the cracks to sprout, expand and penetrate, thus causing the strength of the expanded soil to decrease. Considering that some soil diseases such as collapse, slump and erosion mainly occur in the shallow part of the soil, and the depth range is generally not more than 3 m, it is necessary to combine the actual stress state of the soil with the study of the mechanical properties of the soil under low stress level. Pan et al. (2020) pointed out that the non-monotonic changes in earthen archaeological site silt soil strength and deformation parameters under drying-wetting cycles were mainly controlled by the three-dimensional grid structure of clay particles, and the total pore volume of the soil showed a trend of first decreasing and then increasing.
The mineral composition, pore distribution, particle shape and contact form of the soil will inevitably change under the drying-wetting cycle (Chen et al., 2022; Xu et al., 2021; Xia et al., 2024). For the paleosols without shelf pore structure (Zhu et al., 2022; Liu et al., 2024) the minerals in the soil after drying-wetting cycle contain the most calcite and less quartz, and the decrease in soil cohesive is related to the ablation of its internal clots and the weakening of the contact form. With the increase of the abundance value of the soil particles and the decrease of the fractal dimension in the process of drying-wetting cycle, the sliding friction and the occlusion ability of soil particles decrease, which leads to the decrease of the angle of internal friction. Thus, the angle of internal friction decreases. The mechanical properties of compacted loess responded differently to drying-wetting cycles (Nie et al., 2023). The relative content of primary minerals as well as the clay minerals and soluble salts of compacted loess did not change significantly under drying-wetting cycles. While, the roundness and orientation of the compacted loess particles increased slightly, and the microstructure of the soil became more fragmented, with the phenomenon that the volume of meso- and macropore in the pore space was increased. Fine-scale cracks were detected on the surface of the loess throughout the drying-wetting cycle, the crack ratio tended to increase, and the crack distribution was more chaotic with the cycle. The fissures formed after crack expansion and penetration will destroy the structural integrity of the soil, weaken the strength of the soil and increase its permeability (Liu et al., 2020; Zeng et al., 2019; Xu et al., 2020; Zhang et al., 2024). The infiltration tests were conducted on compacted soil samples with different cracking degrees in order to reveal the influence of dry-wet cycles on the water infiltration in cracked soil (Cheng et al., 2021), a modified equation for the infiltration characteristics of cracked soil considering the crack pre healing time was proposed, and it was further found that when the surface crack ratio exceeded 4%, an increase in the surface crack ratio was beneficial for water infiltration. Amenuvor et al. (2024) investigated the structure and development of fissures in the original expansive clay slopes under the action of five drying-wetting cycles, and pointed out that the strength factor characterising surface fissures increased with the number of drying-wetting cycles and stabilized after the third cycle.
Pioneering results have been achieved in the current research on the strength attenuation and microstructural damage patterns of granite residual soil, expansive soil, archaeological silt, ancient soil, compacted loess and other soil samples under different drying-wetting conditions. However, the control methods and cycle amplitudes related to drying-wetting cycles in the existing studies are diverse, and the related studies have not effectively considered the response of various components of unsaturated soil shear strength to drying-wetting cycles. In particular, for the suction friction angle and saturated shear strength of regional residual soil, the correlation analysis between the two strength parameters and microstructural pore is obviously insufficient. Therefore, this research takes Fuzhou residual soil as the research object, and conducts triaxial compression and shear characteristics tests and nuclear magnetic resonance tests on residual soils undergoing different water absorption cycles. The evolution rules of strength parameters and micropore structure of unsaturated soil are clarified, and the influence of residual soil microscopic pore structure damage on the suction friction angle and saturated shear strength was emphatically analyzed.
2 MATERIALS AND METHODS
2.1 Materials
The in-situ residual soil samples were taken from a slope in Fuzhou area of Fujian Province, about 50 cm thickness of the surface mixed soil was removed before the test, and then 1 m3 soil samples were cut out and sealed with plastic film to prevent the loss of water in the soil during transportation. The test soil samples were all taken from the cut soil body to ensure the consistency and homogeneity of the residual soil structure during the test. The selected soil samples were mainly formed by residual deposition of coarse-grained granite, with brownish-red and grayish-white colors. X-ray diffraction showed that the main components of the soil rich in secondary clay minerals weathered by feldspars and quartz particles, including orthoclase, kaolinite, montmorillonite, quartz sand grains, as well as traces of iron oxides, black mica, and other minerals. Table 1 shows the basic physical property indexes of the in-situ soil, the liquid limit and plastic limit of the soil measured by disc liquid limit apparatus and rubbing strip method are 46% and 33% respectively, according to which the plasticity index of the soil can be calculated as 13. The particle-size distribution (PSD) curve of the residual soil given in Figure 1 obtained by sieving and gravimetric methods show that the soil body consists of 1.5% gravel, 42.2% sand, 43.8% silt and 12.5% clay. As illustrated in Figure 1, the PSD curve has a limited particle size d60 = 0.07 mm, effective particle size d10 = 0.004 mm, and median particle size d30 = 0.02 mm. Therefore, the uniformity coefficient Cu and the coefficient of gradation Cc for the soil are 17.5 and 1.429, respectively, which indicates that the studied soil is well graded. Meanwhile, this soil can be identified as well graded intermediate plasticity gravelly clay according to the site investigation code given by British Standards Institution (BSI) 1990.
TABLE 1 | Physical parameters of in-site residual soil.
[image: Table 1][image: Figure 1]FIGURE 1 | Grain-size distribution of the residual soil.
2.2 Repeated hygroscopic cycle test scheme
The initial matric suction of the in-situ residual soil was 45 kPa. Before the test, the cut-out in-situ soil samples were vacuumized and saturated, and repeated hygroscopic cycle samples were prepared by the automatic unsaturated soil triaxial apparatus (see Figure 2), which could lay the groundwork for the subsequent triaxial drainage test of unsaturated residual soil. The evaporation phenomenon which may appear in the test is eliminated by the axis translation technology. Figure 3 shows the schematic diagram of the residual soil suction path under the repeated hygroscopic cycle. The maximum change of suction during the hygroscopic cycle is realized by controlling the upper and lower limits of suction, in which the upper limit value of suction force (ψmax) is 400 kPa and the lower limit (ψmin) is 0 kPa. Subsequently, we further set the target suction force ψt as the suction level of the soil sample that undergoes repeated hygroscopic cycles during the shearing process. Taking the 2nd hygroscopic cycle as an example, the suction path in the cycle is: 0→400→ψt→0→400→ψt, and the above steps can be repeated to achieve the preparation of soil samples with different hygroscopic cycles. Meanwhile, the strength characteristics of residual soil and its internal microscopic evolution mechanism can be analyzed by conducting NMR tests on soil samples after different hygroscopic cycles. In fact, the process of performing several wetting-drying cycles was designed to evaluate the water retention curves (de Oliveira et al., 2021; de Moraes et al., 2016), strength and deformation characteristics (Xu et al., 2021; Abbas et al., 2023; Tumwiine et al., 2023), crack evolution characteristics (Amenuvor et al., 2024; Zhang et al., 2024) and infiltration characteristics of soils (Wen et al., 2019; Louati et al., 2018) as reported in different studies. The number of wetting-drying cycles chosen here was similar to those utilized by some scholars for determining the soil-water characteristic curves (Wen et al., 2020) and shear strength (Cheng et al., 2021; Xu et al., 2021) evolution patterns of structural soils under specific stress levels (i.e., confining pressure and matric suction). The deformation and pore structure of the in-situ soil can basically reach a stable state after about 3–5 cycles of wetting-drying cycles (Ng and Pang, 2000; Wen et al., 2019; Cheng et al., 2021; Xu et al., 2021). Considering the test efficiency and rationality, the maximum number of hygroscopic cycles set in this research is 7 cycles. In summary, the amount of hygroscopic cycle selected aimed at revealing the intrinsic connection between the microstructural damage characteristics of the residual soil and the deterioration behavior of the macroscopic mechanical properties.
[image: Figure 2]FIGURE 2 | Automatic triaxial testing system for unsaturated soil.
[image: Figure 3]FIGURE 3 | Soil suction path under repeated hygroscopic cycle.
2.3 Unsaturated triaxial drained shear test
The unsaturated triaxial test included consolidation phase, suction balance stage and shear phase. Confining pressure was controlled at 50 kPa, 100 kPa, and 200 kPa, and the target matric suction ψt was set at 50 kPa, 100 kPa, and 200 kPa, and the influence of 0, 1, 2, 3, 5, and 7 hygroscopic cycles was also considered. Among them, 0 cycle was set up (i.e., no change in the hygroscopic paths), and used this as a reference for analyzing the characteristics of the other number of cycles. The test scheme and the test flow chart are shown in Table 2 and Figure 4, respectively. During the suction equilibrium process, the repeated water absorption cycle test was realized by keeping the pore pressure at zero and increasing the pore air pressure and the perimeter pressure value, in which the maximum suction force was controlled to be 400 kPa. To protect the equipment, ensure that axial pressure > confining pressure > air pressure > water pressure (axial pressure is 5 kPa greater than confining pressure) throughout the whole test. When the consolidation time is not less than 24 h, the axial strain is not more than 0.01 mm/h and the back pressure volume does not exceed 0.05 mm3 within 2 h, the consolidation stage can be considered to reach the equilibrium standard. The suction equilibrium process criterion should be determined by the amount of water absorbed or lost in 24 h is less than 0.05% of the specimen volume, the shear rate of the shear process is 0.0038 mm/min, and the maximum axial strain is controlled within 25%.
TABLE 2 | Setting of test conditions.
[image: Table 2][image: Figure 4]FIGURE 4 | Test flow chart.
2.4 Nuclear magnetic resonance test
MesoMR23-060H-I system was used for nuclear magnetic resonance analysis (see Figure 5), the equipment magnet was a permanent magnet with a magnetic field strength of 0.5 ± 0.08 T, and the magnetic field temperature was controlled at 32.00°C ± 0.02°C. In the nuclear magnetic resonance test, PVC pipes without iron were used to cut out the soil samples after different hygrometric cycles, the saturated soil samples together with PVC pipes were put into the instrument for testing to avoid the magnetic field generated by iron-containing substances affecting the test results. Then, the time-dependent curve of the NMR signal was then obtained based on the CPMG (carr-purcell-meiboom-gill), which was further quantified as the T2 (transverse relaxation time) distribution curve, and the pore size distribution was also calculated accordingly.
[image: Figure 5]FIGURE 5 | MesoMR23-060H-I Core MRI analyzer.
3 RESULTS AND DISCUSSIONS
3.1 Effects of different confining pressure conditions on soil shear characteristics
Figure 6 shows the stress-strain curve of unsaturated residual soil under different test conditions. Referring to the test number in Table 2, the 50-50-1w in Figure 6 can be expressed as the stress-strain curve of soil after the first water absorption path under the condition that the confining pressure and target suction ψt are both 50 kPa. For the same number of water absorption cycles and target suction, the shear characteristics of residual soil under low confining pressure show a more obvious strain softening phenomenon and lower peak strength (see Figure 6A), while the stress-strain curve shape of soil under high confining pressure is significantly affected by the number of hygroscopic cycles and has a higher peak strength. For example, the peak strength of soil under 50-50-1w, 100-50-1w and 200-50-1w conditions is 144 kPa, 215 kPa and 318 kPa, respectively.
[image: Figure 6]FIGURE 6 | Stress-strain curves of unsaturated soil under different test conditions. (A) Confining pressure σ = 50 kPa. (B) Confining pressure σ = 100 kPa. (C) Confining pressure σ = 200 kP.
The strength of the restraining action around the soil directly determines the friction strength between the soil particles. When the restraining action is weak, the friction effect caused by the dislocation and disengagement between the soil particles is not obvious. In this case, the structural strength of the soil skeleton plays a major role, showing lower failure stress and softening phenomenon. With the strengthening of the confining effect around the soil, soil particles dislocation and compaction occur under the action of partial stress, and the friction and detachment occlusion effect between soil particles is prominent. At this time, the friction strength of soil plays a major role, and the soil has a higher resistance to external loads, showing strain hardening and shrinkage characteristics. With the enhancement of constraint effect around the soil, the soil particles dislocation and compaction occur under the action of deviatoric stress, and the friction and detachment effect between the soil particles are prominent. At this time, the friction strength of the soil is significantly exerted, which means that the soil has a stronger resistance to external loads and exhibits the characteristics of strain hardening and contraction.
3.2 Effects of different suction paths on soil shear characteristics
Under low confining pressure and the same number of water absorption cycles, the greater the high target suction, the higher the shear failure stress of the soil mass, such as the soil peak strength under the conditions of 50-50-1w, 50-100-1w and 50-200-1w is about 144 kPa, 188 kPa, and 272 kPa respectively. When the test conditions are consistent, the pore water content in the soil with low target suction is high, and the high saturation reflects that there is less soil-water bending liquid surfaces surface in the soil. With the decrease of the effective area of intergranular contact and stress level, the overall structural stability of soil decreases, which ultimately contributes to the soil exhibiting a lower yield stress during shear. At a confining pressure of 200 kPa, the shear characteristics of the soil under different suction conditions differ significantly. The peak strengths of the soil at 200-50-0w/1w, 200-100-0w/1w, and 200-200-0w/1w conditions are 326/318 kPa, 372/366 kPa, and 458/445 kPa, which indicates that the stress-strain curves of the soil showed similar strain softening and shear contraction characteristics as normal consolidated soil at 200-ψt-0w or 1w conditions. While at 200-ψt-2w∼7w, the shear characteristics of the soil have brittle and shear expansion characteristics similar to those of super-consolidated soil, for example, the peak/residual strength of the soil under the conditions of 200-50-3w, 200-100-3w, and 200-200-3w are 304/258 kPa, 350/284 kPa, and 430/350 kPa.
During the hygroscopic cycle test of residual soil, it must repeatedly go through the process of saturation→dehumidification→hygroscopicity. Although the soil samples release the suction formed during the normal consolidation process in the saturation stage, the soil sample needs to undergo the net normal stress and the upper limit matric suction (ψmax = 400 kPa) applied during the dehumidification path, which is similar to the pre-consolidation stress required before the formation of over-consolidated soil. At the same time, as the increase of the target suction experienced by the sample, the average skeleton effective stress also increases correspondingly, resulting in the change rule of the void ratio as shown in Figure 7, so that the unsaturated soil sample after high target suction has the properties of over-consolidated soil. The above analyses show that high target suction or after multiple hygroscopic cycles, the shear properties of residual clayey soil show obvious strain softening characteristics.
[image: Figure 7]FIGURE 7 | Variation curve of soil void ratio under different water absorption cycles.
3.3 Effects of different hygroscopic cycles on soil shear characteristics
It can be seen from Table 3 that both the peak and residual strength of residual soil decrease with the increase of the number of hygroscopic cycles, showing a characteristics of strain softening. With the continuous increase of the confining pressure and target suction level, the strength of soil decreases more obviously and the softening phenomenon becomes more obvious after multiple hygroscopic cycles.
TABLE 3 | Peak and residual strength of soil under different stresses and hygroscopic cycles.
[image: Table 3]The residual soil contains montmorillonite minerals. During the process of soil dehumidification to water absorption, the inter-layer expansion of the crystal cells in montmorillonite changes the soil structure (Xu et al., 2022; Xu et al., 2017; Zhan et al., 2014). At this time, the deformation caused by the structural change cannot be recovered in the subsequent water absorption cycle path, that is, irreversible expansion deformation occurs. As a result, the aggregate of the soil internal structure is obvious and has a larger void ratio, which eventually leads to the decline of the soil resistance to external load. Figure 7 shows the variation trend of soil void ratio under different times of hygroscopic cycles. It can be seen from the Figure 7 that the void ratio of residual soil increases with the advancement of hygroscopic cycle, but the ability of the soil to undergo volumetric deformation is weakened under high peripheral pressure and the target suction, that is to say, the expansibility of the residual clayey soil has a correlation between the stress and hygroscopic cycle effects. Owing to the significant water-force hysteria effect of soil-water characteristic curve of residual soil, soil under the same suction condition has lower saturation after multiple water absorption, and there are more pores affected by soil-water bending surface in low-saturation soil, which is conducive to soil stability, but the irreversible deformation generated is the main reason for the decline of soil strength (Pham and Sutman, 2023; Gao et al., 2023). The strength of the confining effect around the soil has an influence on the saturation of the soil after hygroscopic cycle, that is to say, high confining pressure conditions will make soil have higher water storage performance. Although the soil with higher saturation has fewer internal pores affected by soil-water curved liquid surface, it has a larger internal contact area between soil particles and water, which is favorable for enhancing the soil strength (Yan et al., 2023; Xu et al., 2022). As a result, the void ratio changes slightly with the increase of hygroscopic cycles number for σ = 200 kPa and ψt = 100 kPa, whereas the increase in the soil void ratio with σ = 50 kPa and ψt = 100 kPa is more pronounced.
3.4 Effects of different hygroscopic cycles on soil strength parameters
Figure 6 shows the strength curves in the p-q plane of unsaturated soil for different numbers of hygroscopic cycles. According to the unsaturated soil shear strength formula proposed by Fredlund and Xing, the critical state line in the p-q plane of unsaturated soil in isotropic triaxial shear test can be represented by the following equation
[image: image]
Where p represents the net average stress and the magnitude is equal to (σ1+σ2+σ3)/3-ua; q is the deviating stress, and its magnitude is determined by σ1-σ3. R(ψ) and C(ψ) are two critical state parameters related to the matric suction ψ, which are the slope and intercept of the p-q line, respectively. As can be seen from Figure 8, when the matric suction is 50 kPa, 100 kPa and 200 kPa, the critical state parameter R(ψ) of soil under 0, 1, 2, 3, 5, 7 hygrometric cycles changes in the order of 0.8359→0.8286→0.8158→0.8093→0.8009→0.7948, 0.8434→0.8356→0.8248→0.8255→0.8136→0.8084, 0 0.8537→0.8373→0.8343→0.8316→0.8225→0.8183, which indicates that the strength parameter R(ψ) gradually decreases with the increase of the number of hygroscopic cycles. According to the shear strength formula based on the two-stress state variable proposed by Fredlund and Xing (1994), the total cohesion c and the effective internal friction angle φ′ of the soil can be calculated by the critical state parameters R(ψ) and C(ψ) (Equation 1) of the following form:
[image: image]
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[image: Figure 8]FIGURE 8 | Relationship between q and p under different water absorption cycles [(A) Nw=0; (B) Nw=1; (C) Nw=2; (D) Nw=3; (E) Nw=5; (F) Nw=7].
Residual soils undergoing the same hygroscopic path cycle has greater total cohesion at higher target suction (see Table 4), but the overall increase in effective internal friction angle φ′ is not significant, with its maximum increase not exceeding 3%. The average effective internal friction angle φ′ under 50 kPa, 100 kPa and 200 kPa target suction is 21°, 21.3°, and 21.5°, respectively. At the same suction level, the total cohesion c and effective internal friction angle φ′ of residual soil decrease with the advancement of hygroscopic cycle, but the total cohesion c is more sensitive to the change of the number of hygroscopic cycles, especially the decrease of the total cohesive force at the suction level of 100 kPa reach 18.9%. In general, the different responses of soil cohesion and effective internal friction angle to the number of repeated hygroscopic cycles derived from the above analyses are similar to those of Nie et al. (2023), Xu et al. (2020a) and Feng et al. (2023). However, there is still a lack of further analysis of the variation rules of each component under the framework of unsaturated soil shear strength theory.
TABLE 4 | The total cohesive force and effective internal friction angle of soil under different conditions.
[image: Table 4]The experimental results (see Table 4) also show that the total cohesion c appears to be linear with the target suction ψt, this means that it can be expressed as follows (Fredlund and Xing, 1994)
[image: image]
Where μ and i represent the slope and intercept of the ψt-c line, i describes the shear strength of the soil under saturation state when the suction is 0, also known as the saturated cohesion; μ is the contribution of suction to the shear strength of soil, which is equal to the tangent value of the suction friction angle φb (i.e., μ = tanφb). The effect of the same target suction on the soil shear strength is different under different numbers of hygroscopic cycles (Figures 9, 10), and the relative decrease of suction friction angle φb throughout the hygroscopic cycle is 1.94% → 3.95% → 1.37% → 0.83% → 0.28%, which reflects that the suction friction angle decreases significantly in the early part of the hygroscopic cycle but decreases less in the later part of the cycle. Therefore, when the target suction level is at 0–200 kPa, the suction friction angle of residual soil considering the effect of hygroscopic cycle can be regarded as a constant, with an average value of 14.7°.
[image: Figure 9]FIGURE 9 | Trend diagram of the contribution of matric suction to shear strength.
[image: Figure 10]FIGURE 10 | Relationship between shear strength index and number of water absorption cycles [(A) suction friction angle; (B) saturated shear strength].
Although Figure 10 also shows that the saturated shear strength of soil decreases with the increase of the water absorption cycle, the relative decline of the saturated shear strength of soil during the whole hygroscopic cycle is greater, with the decreasing rate of 7.61%→3.53%→4.88%→10.26%→6.43% in order, and shows the trend of decreasing with continuous fluctuation. Obviously, this is inconsistent with the rule that the suction friction angle tends to be stable in the later stage. The above analysis can be concluded that the suction friction angle and saturated shear strength changes in the microscopic damage mechanism is not exactly the same. The stage evolution of the residual soil shear strength in the whole life cycle may be affected by the suction friction angle in the early stage, while the stability of the soil in the later stage may be more restricted by the saturated shear strength.
3.5 Microstructure damage characteristics of residual soil under hygroscopic cycle
3.5.1 Pore distribution characteristics
Figure 11 shows the T2 distribution curve of residual soil samples after 0, 2, 5, and 7 water absorption cycles at 50 kPa confining pressure and target suction. This curve has a distribution shape of single main peak and double secondary peaks. The main peak reflects the largest signal intensity and the corresponding pore size is smaller, while the secondary peak corresponds to a larger pore size and the signal peak is much lower than the main peak. After repeated water absorption cycles, the peak intensity of the main peak of residual soil increases significantly and has a certain delay trend. Under 0, 2, 5, and 7 water absorption cycles, the relaxation times corresponding to the main peak intensity of the soil are 2.80 ms, 3.03 ms, 3.30 ms, 3.58 ms in sequence. As the spectrum moves to the right, the top of the first peak gradually extends, accompanied by the formation of the second peak. After multiple hygroscopic cycles, the clay masses in the soil are easy to dissolve under the action of reciprocating water migration, which promotes the precipitation of fine particles in the soil and causes the expansion of the original pores. Therefore, when the number of cycles changes from 0→2→5→7, the peak intensity of the T2 spectrum signal of the main peak/first peak/second peak is 265/304/320/333→11/14/16/21→0/4/6/12. It is noted that the peak value of the spectrum reaches the maximum after the 7th cycle, and the relaxation time coverage is also the longest, refracting the high degree of macropore development in the soil at this time.
[image: Figure 11]FIGURE 11 | T2 distribution curve of residual soil after different repeated wetting cycles.
Various pore volumes of residual soil after repeated hygroscopic cycles are shown in Figure 12. According to the pore size distribution characteristics and the experience of pore division in different soils, the pore diameters d < 1.6 μm, 2.5 μm ≤ d ≤ 10 μm, and d > 10 μm are successively divided into small pores, mesopores and macropores (An et al., 2022; Xu et al., 2021). It can be seen from Figure 12 that during the entire water absorption cycle, the pores of the residual soil are mainly composed of mesopores, with a cumulative proportion of about 70%, and the sum of the proportions of small pores and macropores is about 30%. As the number of cycles increases, the volume proportion of small pores shows a decreasing trend, while the volume proportion of macropores increases, and the volume proportion of mesopores basically remains unchanged. After the completion of the hygroscopic cycle, the proportion of small pores dropped from 21.1% to 14.3%, the proportion of large pores increased from 10.9% to 16.3%, and the proportion of medium pores increased slightly by 1.4%. The above results show that the continuous hygroscopic cycle makes the soluble minerals and cementing materials inside the soil body gradually lose, causing the linkage between the aggregates to dissipate, and with the coarsening and penetration of the small pore connections between particles in the aggregates, the medium and large pores in the soil body also develop rapidly, which ultimately leads to the decrease of the proportion of small pores in the soil.
[image: Figure 12]FIGURE 12 | Pore size distribution of residual soil after different water absorption cycles.
3.5.2 Damage mechanism of microstructure and macroscopic mechanical properties
The microstructure damage characteristics of residual soil under the change of suction path are related to the dissolution of soluble minerals and cementing materials caused by repeated water migration in the soil (see Figure 13). The continuous precipitation of fine particles induced by dissolution is accompanied by two adverse results. On the one hand, the connection between aggregates is destroyed, resulting in the dispersion of aggregates, and the original pores are gradually transformed into large pores due to coarsing and penetrating. On the other hand, the linkage of soil particles inside aggregates is broken, and the original closed pores are transformed into open-port pores. With the formation and connectivity of pore networks, medium and large pores in the soil are also gradually developed.
[image: Figure 13]FIGURE 13 | Schematic diagram of soil particle structure adjustment under repeated wetting cycles.
The structural adjustment of soil particles given in Figure 13 well explains that the total area of the T2 spectrum shows a gradual increase with the progression of the hygrometric cycle (as shown in Figure 11, the total area of T2 spectrum of 0→2→5→7 cycles is 7744→8849→9424→9579), that is, the pore volume is constantly increasing. However, it should also be noted that the content of soluble minerals and cementing substances in the soil is limited, and the amount of soluble minerals and cementing substances in the soil is reduced in the early stage of dissolution. Accompanied by the continuous reduction of dissolution rate and efficiency in the later stage, the growth rate and amplitude of pore volume and spectral area of soil are gradually reduced and eventually become stable.
It is worth mentioning that the authors have carried out electron microscope scanning tests on the original residual soil studied in this paper, and discussed the micro-structural changes of residual soil under the condition of alternating dry-wet with SEM images (Xu et al., 2021). As shown in the SEM image by Xu et al. (2021), the surface layer of the soil is warping and falling off after multiple dry-wet cycles, which is pertaining to the destruction of the connection between aggregates. With the generation of irreversible total volume changes inside the soil, the pore structure of the soil becomes more open and unstable, showing a larger void ratio on a macro level. At the same time, the connection mode between the cells changes from face-face contact to edge-face contact, and the orientation of the cells decreases. Obviously, the disruption of the association of soil particles inside the aggregate not only changes the connection between the cells, but also causes the increase of the micropores number and the expansion and connectivity of microcracks in the residual soil, which leads to the deterioration of the macroscopic mechanical properties of the soil.
The suction friction angle and saturated shear strength of residual soil are both negatively correlated with pore volume content (see Figure 14), and the high correlation between the pore volume content and the strength parameters indicates that the damage effect of the pore structure and the attenuation characteristics of the mechanical strength during repeated hygroscopic cycling are in good agreement. The degree of microporous structure adjustment depends on the influence of repeated hygroscopic cycling on the strength of inter-particle and inter-aggregate associations. After multiple hygroscopic cycles, the connection between aggregates in the soil is gradually destroyed, and the gradual expansion of micro-cracks and the increase in the number of large pores bring about a gradual decrease in the soil saturation strength. Due to the disruption of the connection between aggregates throughout the whole test process, the relationship between the soil saturated strength and the pore volume content is characterized by a steep decline. Compared with the bonding destruction between aggregates, it is more difficult for the connected particles to move relative. Given that the lag of the bonding failure between particles, the suction friction angle of the soil decreases slowly and even tends to be stable in the later stage. If the hygroscopic cycle continues, once the intergranular tensile stress caused by dehydration exceeds the tensile strength threshold and the hydrophilic clay minerals undergo irreversible deformation during hygroscopic process, cracks on the meso-scale will continue to penetrate and expand, eventually leading to structural damage and continuous deterioration of soil mechanical properties. That is to say, the φb value may be further reduced after several suction path changes. In summary, the effects of hygroscopic cycling on saturated shear strength and suction friction angle of soil are not synchronized, and the decline of soil strength in the early stage is more dependent on the change of saturated shear strength, whereas the decrease of soil strength in the later stage is highly correlated to the weakening of suction’s contribution to soil strength.
[image: Figure 14]FIGURE 14 | Relationship between cohesion index and pore volume content.
4 CONCLUSION
To obtain the basic knowledge of the strength attenuation and microstructure damage of residual soil in Fujian region, the unsaturated triaxial drainage shear test and nuclear magnetic resonance (NMR) were conducted to test natural soil specimens, the shear strength parameters of unsaturated soil were examined at disparate stress levels and various water absorption cycles. The test results have shown that
(1) The shape of stress-strain curve and shear properties of soil are dependent on the stress level and hygroscopic cycles. The soil with low confining pressure and hygroscopic cycles is weakly constrained, and the structural strength plays a significant role in the shear process, showing strain softening and shear dilatancy characteristics. Conversely, soils have strain hardening and shrinkage properties, and the shear process is dominated by the exertion of frictional strength.
(2) The deformation of soil under hygroscopic cycle shows stress dependence and hysteresis characteristics. With the exception of the 0th and 1st hygroscopic cycles, the shear properties of the residual soils at different stress levels are similar to those of the over-consolidated soils. Higher confining pressure and target suction implies an increased cumulative irreversible deformation, as well as more pronounced strain softening and shear expansion properties.
(3) As the number of hygroscopic cycles increases, the total cohesion strength, effective internal friction angle, suction friction angle, and saturated shear strength of the unsaturated residual soil show a decreasing trend, but the effective internal friction angle as well as the suction friction angle do not change much. The average effective internal friction angle and suction friction angle of the soil within 0–7 hygroscopic cycles under the target suction of 0–200 kPa are 21.3° and 14.7°, respectively.
(4) With an increase in the number of hygroscopic cycles, the proportion of small pores (d < 1.6 μm) continue to decrease, the content of mesopores increase slightly, and the content of macropores (d > 10 μm) expand significantly. Taking the repeated release of matric suction and the continuous dissolution of soluble minerals and cementing materials in the soil sample during the hygrometric cycle into consideration, the soil gradually loosens, and the change of particle contact relationship leads to the formation of connecting cracks in the small pores. Along with the expansion of cracks and the accumulation of large pores in the soil, the connection between particles is further weakened, which causes a decrease in the contribution of suction to the soil strength.
The hygroscopic cycling effect of the residual soil has a progressive and reciprocal relationship between the damage of the microscopic pore structure and the attenuation of the macroscopic mechanical strength. The saturated shear strength decreases continuously due to the failure of aggregates in the soil throughout the hygroscopic cycle test. However, the failure of the connection between soil particles in the soil is relatively slow and has a certain hysteresis characteristic, resulting in a slower attenuation of the soil suction friction angle from 0 to 7 hygroscopic cycles.
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