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Introduction: The shear strength deterioration of red-bed rockfill under the dry-wet cycle is the key factor affecting the slope stability of accumulation body. Studying the strength deterioration law and deterioration mechanism of red-bed rockfill can provide theoretical support for slope stability control.
Methods: Through the disintegration resistance test of argillaceous siltstone rockfill in Lanping lead-zinc Mine, the disintegration characteristics of red-bed soft rock were studied. The effects of the number of dry-wet cycles on the cohesion, internal friction angle, shear dilation rate and shear modulus of the red-bed rockfill were investigated by using a dry-wet cycle shear tester to conduct shear tests on the reduced scale graded soil material, and the strength deterioration mechanism of the soils was revealed from the perspective of meso-structure.
Results: The results showed that argillaceous siltstone was rich in clay minerals and produces strong disintegration when exposed to water. The disintegration process could be divided into three stages: massive disintegration stage, transitional stage and stabilization stage. With the accumulation of dry-wet cycles, the shear dilation rate and shear modulus of the argillaceous siltstone rockfill gradually decrease, and the shear failure developed gradually from strain hardening to shear plastic flow, and the characteristic of weak stress softening occurred. After eight dry-wet cycles, the cohesion and internal friction angle of argillaceous siltstone rockfill materials decreased by 89.87% and 18.94%, respectively, indicating a higher effect on the cohesion than on the internal friction angle.
Discussion: The thickening of the bound water between the fine particles on the shear surface, the weakening of the coarse particle attachment, and the increase in the number of directionally arranged fine particles were the main reasons for the continuous deterioration of the soil strength.
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1 INTRODUCTION
The red Jurassic and Cretaceous strata are widely distributed in Yunnan, China. Bounded by the Erhai-Honghe Fault, the eastern and western parts are called the Central Yunnan Red Bed and the Western Yunnan Red Bed, respectively, due to their different phase zones. The Western Yunnan Red Bed is mainly composed of inland lacustrine formations. Its lithology is clastic sedimentary rocks such as mudstone, siltstone, argillaceous siltstone, and sandstone (Luo et al., 2003). These rocks are rich in clay minerals, poorly permeable, hydrophilic, easily swollen, and disintegrated by water, with a large softening property (Zhang et al., 2017; Zhang et al., 2019; Zeng et al., 2021). In recent years, the continuous exploitation of mineral resources in western Yunnan has led to the gradual excavation and stripping of red-bed rocks. As a result, large amounts of waste rock materials are frequently deposited around, forming large loose accumulation slopes. Under frequent rainfall infiltration and evaporation, the mechanical properties of the rockfill material inevitably deteriorate (Oliveira et al., 2021; Wen and Yuan, 2022; Xue et al., 2023), reducing the stability of the slope (Pan et al., 2020; Nguyen et al., 2023) and aggravating its long-term deformation (Zhou et al., 2014; Cook et al., 2023; Wei et al., 2023). In order to analyze the stability of loose accumulation slope, it is of great importance to study the performance deterioration of red-bed rockfill materials in western Yunnan under alternating wet and dry environments.
Loose accumulations formed by geological tectonic movements or human engineering activities are widely distributed in nature. These geological bodies have a typical soil-rock binary mixed structure, and no single part can represent the characteristics of the entire body (Wang et al., 2012; Zhou et al., 2018). The particle gradation composition, the contact type of the blocks, and the mineral composition of the parent rock significantly affect the strength and deformation of the soil (Cavarretta et al., 2010; Yuan et al., 2018; Pham et al., 2022; Xue et al., 2023). Firstly, the particle composition of the rockfill material is complex. The percentage of coarse and fine particles and the size of the blocks are constantly changing in space. The contact interaction between soil particles is exceptionally significant in the variation of soil grading, and the different contact relationships between particles control the ability of the soil to resist deformation and damage (Wu et al., 2020; Tran et al., 2021). With the increased size of block stones and increased block stone content in the soil, the squeezing and interlocking between the particles are continuously enhanced, and the shear damage resistance of the soil is significantly increased. However, the increase in block content can also cause massive soil pores to penetrate each other, weakening the resistance of the soil against infiltration deformation damage. Secondly, the mechanical properties of rockfill materials are mainly shear yielding. These materials are highly susceptible to particle breakage under stress concentration (Li et al., 2019; Zhou et al., 2019; Wu et al., 2021), with obvious shear dilation characteristics during shear deformation (Chen et al., 2018; Ahmed et al., 2023). The fragmentation of the block particles changes the original particle contact relationship in the soil, reducing the interlocking force and friction strength between the particles. As the stress increases, relative sliding continuously occurs among the yield-ruptured soil particles, resulting in irrecoverable plastic deformation of the soil body and damage. Therefore, a series of granular material mechanical behaviors in the shear deformation of rockfill materials make their shear strength properties exceptionally complex, which requires continuous in-depth research.
In addition, the mechanical properties of the soil are closely related to environmental conditions. The deterioration of rockfill materials under dry-wet cycles reduces their shear strength and deformation modulus, which is the main cause of excessive deformation and instability of high-fill slopes (Silvani et al., 2008; Peng and Zhang, 2012; Zhou et al., 2019; Wu et al., 2021). In order to analyze the strength deterioration characteristics of soil, several scholars have conducted experimental studies on the strength and deformation of soil under dry-wet cycles (Rasul et al., 2018; Zhou et al., 2019; Xu et al., 2021; Li et al., 2022; Abbas et al., 2023). The triaxial wetting deformation test of rockfill materials showed that particle water immersion disintegration and fragmentation are the main reasons for increased soil deformation (Wei and Zhu, 2006; Jia et al., 2019; Zhang and Zhou, 2020). The degree of particle fragmentation increased with the accumulation of dry-wet cycles (Zhang et al., 2015). The deterioration of rockfill material strength properties is mainly because the rock is rich in hydrophilic clay minerals (Jia et al., 2018). The block particles constantly crack in multiple wet and dry deformations, reducing the strength of the parent rock and weakening the shear strength of the soil. However, the stress levels in the existing experimental studies of rockfill materials undergoing wet-dry cycles are usually inconsistent with reality. Limited by the test conditions, the dry-wet cycle deterioration test is usually performed by soaking and air-drying the stone particles several times before loading them into the test machine. In reality, the fill slope only experiences rainfall infiltration and evaporation changes after completing soil accumulation, and the soil dry-wet cycle is completed under a specific consolidation stress state. Therefore, it is necessary to improve the existing geotechnical test equipment to realize the dry-wet cycle after sample preparation, thus revealing the deterioration characteristics of rockfill materials under consolidation stress conditions.
The strength deterioration of red-bed rockfill materials under alternating dry-wet environments is the key factor affecting the stability of loose accumulation slope. In order to study the strength deterioration characteristics and mechanisms of red-bed rockfill materials under dry-wet cycles, argillaceous siltstone rockfill materials from Lanping lead-zinc mine was selected as the research object. The disintegration characteristics, strength degradation, and deformation damage of rockfill materials were studied by water immersion disintegration test and dry-wet cycle shear test, and the mechanism of strength degradation of rockfill materials was revealed from the perspective of meso-structure. The research results could reveal the deterioration characteristics of red-bed rockfill from macro-meso structure, provide reasonable soil mechanical analysis parameters for mine dump heightening and expansion and slope design, and provide certain scientific guidance for the safety risk management of dump slope.
2 PERFORMANCE DETERIORATION TEST FOR ROCKFILL MATERIALS DURING DRY-WET CYCLES
2.1 Basic characteristics of the test material
The test material is argillaceous siltstone rockfill material, which was taken from the dumping site of Lanping lead-zinc mine in Yunnan Province (N26°24′, E99°25′). The waste rock of the dumping site mainly consists of purplish-red argillaceous siltstone of the Middle Jurassic Huakaizuo strata (J2h) excavated from the open mine, as shown in Figure 1. The mining area is located on the southwest border of China, falling into the low-latitude mountain monsoon climate zone, with the vertical distribution of three-dimensional climate characteristics. The annual average temperature is 7°C, the annual rainfall is 1,002.4 mm, the annual average sunshine hour is 2008.7 h, and the annual average evaporation is 1,063 mm. Therefore, the rockfill materials in the dumping field are significantly affected by the alternating dry and wet climate. The frequent dry-wet cycles exacerbate the performance deterioration of the rockfill material, which can easily induce landslide geological hazards.
[image: Figure 1]FIGURE 1 | The location of Lanping lead-zinc mine. (A) Geographical location. (B) Mine overview. (C) Argillaceous siltstone. (D) Rock under wetting-drying cycles.
Figure 2 shows the mineral composition of the argillaceous siltstone obtained through X-ray diffraction analysis. The mineral composition of the argillaceous siltstone and its content are: quartz 22%, kaolinite 42%, illite 20%, calcite 11%, and pyrite 6%. The mineral composition of more than 60% indicates a high content of clay minerals.
[image: Figure 2]FIGURE 2 | Mineralogical compositions of the argillaceous siltstone.
Figure 3 shows the microstructure of the argillaceous siltstone by a scanning electron microscope (SEM). The SEM image of the rock at 500 times magnification (Figure 3A) reveals that the microstructure unit is dominated by agglomerated aggregates with large particle sizes. The contact between the particles is mainly surface-to-surface, which belongs to the laminating structure. Fine viscous particles are scattered on the surface of the agglomerates and gathered into clusters, and the geometric size, shape, and orientation of the particles differ significantly. Figures 3B, C show the SEM images of the rock at 2000 and 4,000 times magnification, respectively, clearly displaying the clay particles and quartz particles inside.
[image: Figure 3]FIGURE 3 | Microscopic image of the argillaceous siltstone. (A) 500 times. (B) 2000 times. (C) 4,000 times.
The rockfill material was sieved on site, and the dividing particle size of coarse and fine particles was 5 mm (Wang et al., 2009), i.e., particles below 5 mm were fine particles, and those beyond 5 mm were coarse particles. The coarse grain contents were expressed as P5. Then, the equivalent alternative scaling was performed for field grading of test soil materials according to Eq. 1. The composition of the test soil grade is shown in Figure 4.
[image: image]
Where P5 is coarse grain contents (%), P5i is the content of a particle group with a particle size greater than 5 mm after scaling (%), P05i is the content of a particle group with a particle size greater than 5 mm before scaling (%), and P0 is percentage of particle mass with a particle size greater than 60 mm.
[image: Figure 4]FIGURE 4 | Particle grading components. (A) Grain size distribution. (B) Different grain groups of soil materials.
2.2 Disintegration resistance test
Figure 5 shows the disintegration resistance test apparatus for clay rocks. The coarse particles greater than 5 mm were weighed according to the composition of the test soil grade and loaded into the drum sieve of the disintegration resistance tester at dry room temperature. Referring to the Standard for Rock Physical and Mechanical Properties Testing Method (DZ/T 0276.9–2015), the drum sieve was placed into the water tank, followed by the injection of pure water to keep the water level about 20 mm below the rotation axis. Afterward, the drum sieve was rotated at r/min for 10 min before removing the test soil and drying at a constant temperature of 105–110°C for 24 h. The dried soil materials were passed through 40, 20, 10, and 5 mm sieves, weighed, and recorded to obtain the particle size distribution. The above test procedure was considered as one disintegration. The coarse particles greater than 5 mm were loaded into the sieve again, and the above test process was repeated eight times.
[image: Figure 5]FIGURE 5 | Disintegration resistance test instrument. (A) Instrument. (B) Instrument construction.
2.3 Dry-wet cycle direct shear test
Figure 6 shows the DJH30 dry-wet cycle shear tester for coarse-grained soils. The tester is equipped with a computerized automatic data acquisition and processing system, allowing the collection and storage of load and displacement and the automatic control of the vertical load, horizontal load, and shear rate. The shear box of the tester is Φ300 × 240 mm, which can be used to determine the shear strength of coarse-grained soil with a grain diameter of less than 60 mm. Since the tester has a saturated water tank and a blower, the dry-wet cycle can be achieved inside the tester. When the specimen is prepared again after the wet-dry cycle outside the testing machine, the manual interference with the test soil can be overcome. The dry-wet cycle shear test path is designed by incorporating the functional characteristics of the test machine, as shown in Figure 7. The protocol of the dry-wet cycle shear test is shown in Table 1.
[image: Figure 6]FIGURE 6 | Shear testing machine of coarse-grained soil. (A) Test machine. (B) Machine construction.
[image: Figure 7]FIGURE 7 | Dry-wet cycles method.
TABLE 1 | Dry-wet cycle shear test scheme of rockfill material.
[image: Table 1]Referring to the S. for Geotechnical Testing Method (GB/T50123-2019), the test soil material was air-dried and sieved, and the specimens were prepared according to the moisture content of 4.32% and density of 2.05 g/cm3 to complete the dry-wet cycle shear test. The main test steps are as follows.
(1) According to the composition of the soil scale grading, three parts of air-dried soil are weighed and properly mixed after adding an appropriate amount of water. Afterward, three parts of the materials are filled into the shear box sequentially according to the density control conditions, and the layers are chiseled to reduce the effect of anisotropy.
(2) The dry-wet cycle process is realized for the prepared specimens. Firstly, the water tank is filled. Water along the permeable plate pores at the bottom of the shear box gradually penetrates upward to the interior of the specimen, allowing the specimen to be completely saturated. The time of saturation is 24 h. Then, the water tank is emptied, and the pore water inside the specimen is gradually emptied under differential pressure. In order to make the soil particles inside the sample fully dry, a blower is used to blow continuously inside the sample for 24 h, and the soil sample is regarded as dry when the water content is below 5% measured by the built-in moisture sensor in the sample. When the moisture content of the soil sample is below 5% and the blast drying is less than 24 h, it is still necessary to continue to blast for 24 h. The above operation is a dry-wet cycle. Finally, dry-wet cycles corresponding to each specimen are completed according to the test protocol.
(3) Specimens that have completed the wet-dry cycles are subjected to the direct shear test. The test loading is strain-controlled, and the shear rate is 1 mm/min. When the shear displacement reaches 15% of the specimen size, the specimen is considered to be shear damaged. In the test, the specimen shear box is round and the diameter is 300 mm. Therefore, when the shear displacement of the sample reaches 45 mm, the sample is shear damaged and the test is terminated.
3 ANALYSIS OF DISINTEGRATION RESISTANCE TEST RESULTS
3.1 Disintegration phenomenon
In the disintegration test, the test soil material disintegrates with the increasing number of wet-dry cycles n, as illustrated in Figure 8. As the argillaceous siltstone is rich in clay minerals, it reacts vigorously with water, and the blocks show different degrees of cracking along the primary structural surface. The large blocks gradually crack into disintegrated materials with smaller particle sizes. When comparing the soil gradation in the initial stage of the test, it can be seen that when n=1 (wet-dry cycle for 24 h), the content of particles larger than 5 mm is significantly reduced in the test soil material, and the roundness of the block increases. With the accumulation of dry-wet cycles, the blocks are further cracked, and the content of disintegrated materials is significantly increased. When a certain number of wet-dry cycles are reached, the disintegration rate of blocks with better integrity slows down, and the content of disintegrated material gradually stabilizes.
[image: Figure 8]FIGURE 8 | Rockfill disintegration resistance test phenomenon.
3.2 Content variation of disintegrated materials
The content variations of coarse particles (d ≥ 5 mm) and disintegrated materials (d < 5 mm) with dry-wet cycles are shown in Figure 9. According to the disintegration degree of the coarse particles in Figure 9, the disintegration process can be divided into three stages.
(1) Massive disintegration stage (n ≤ 2). In this stage, the rockfill material is massively disintegrated in water. With the increase of n, the content of coarse particles significantly decreases, and the content of disintegrated materials significantly increases.
(2) Transitional stage (2 < n ≤ 4). In this stage, the disintegration rate of coarse particles in water slows, with less increase in disintegrated material content. The block is in the transitional stage from vigorous disintegration to disintegration completion.
(3) Stabilization stage (n > 4). After the disintegration of coarse particles in water reaches a certain value, it is difficult for coarse particles to crack, with almost no changes in the content of the disintegrated material. At this point, the soil disintegration is completed and is in the stabilization stage.
[image: Figure 9]FIGURE 9 | Change characteristics of disintegration under dry-wet cycles.
Taking the test soil material before dry-wet cycles as the benchmark, the coarse particle content decreases by 59.3% in the massive disintegration stage, further decreases by 18.3% in the transitional stage, and decreases by only 2.7% in the stabilization stage. The coarse particle content is 19.7% when n = 8. This result indicates that with the accumulation of wet-dry cycles, the coarse particle content of the argillaceous siltstone rockfill material decreases, and the block disintegration gradually slows down and finally stabilizes.
4 ANALYSIS OF DRY-WET CYCLE SHEAR TEST RESULTS
4.1 Soil strength properties
4.1.1 Shear stress-displacement characteristics
The shear stress-displacement curves of argillaceous siltstone rockfill materials under dry-wet cycles are shown in Figure 10. It can be seen that there are no significant peaks, and the changing patterns of the test curves corresponding to different numbers of wet-dry cycles are different. When the number of dry-wet cycles is 0, the shear stress increases with the increase of shear displacement. The variation curve is not smooth with some fluctuations, especially during soil shear yielding and damage stages. The reason is that the coarse particles that have not yet disintegrated are closely squeezed and interlocked. With the rapid increase of the shear stress, the local stress exceeds the particle contact strength, resulting in particle cracking. The strain energy stored in the soil due to particle squeezing and interlocking is rapidly released, which causes fluctuations in shear stress. Subsequently, the soil particles are arranged in a new orientation under pressure. The particles on the shear surface interlock and roll again as shear stress returns. This process is repeated until shear damage to the soil sample occurs. The soil shear stress-deformation relationship during this process exhibits a hardening characteristic. When the number of dry-wet cycles is 1 and 2, the coarse particles show strong disintegration due to immersion. The number of coarse particles squeezing and interlocking each other decreases, and the soil shear stress fluctuation and hardening characteristics gradually weaken with the development of shear deformation. When the number of dry-wet cycles is 4, the disintegration of coarse particles is basically completed. The content of fine particles sharply increases, and coarse particles are mostly suspended in fine particles. During the shear deformation of the soil, the interlocking and rolling among particles continuously disappear, and the particle contact is mostly adhesion and friction of fine particles. With the development and expansion of cracks on the shear surface, the soil shear stress slowly increases and tends to be constant until the occurrence of plastic flow damage. When the number of wet-dry cycles is 6 and 8, the shear-plastic flow characteristics of the soil become increasingly significant after yielding, accompanied by a weak stress softening. Based on the above results, the shear characteristics of argillaceous siltstone rockfill material under dry-wet cycles are closely related to the disintegration characteristics of coarse particles. With the accumulation of dry-wet cycles, the soil shear damage gradually develops from strain hardening to shear plastic flow, exhibiting specific stress softening characteristics.
[image: Figure 10]FIGURE 10 | Shear stress-displacement curve. (A) N = 0 (B) n = 1 (C) n = 2 (D) n = 4 (E) n = 6 (F) n = 8.
4.1.2 Shear strength deterioration characteristics
Since there is no apparent peak stress for soil shear damage in the test, the strength corresponding to 45 mm of shear displacement is taken as the shear strength τ of the soil according to the S. for Geotechnical Test Method (GB/T50123-2019). To analyze the degradation of soil shear strength under dry-wet cycles, the degradation of soil shear strength δ is defined as follows:
[image: image]
where τ0 is the soil shear strength under 0 dry-wet cycles (kPa); τn is the soil shear strength under different numbers (n = 1, 2, 4, 6, 8) of dry-wet cycles (kPa).
The shear strength deterioration of the soil obtained by Eq. 2 is shown in Table 2.
TABLE 2 | Deterioration of shear strength of rockfill material under dry-wet cycles.
[image: Table 2]It can be seen from Table 2 that the shear strength of the soil deteriorates significantly under dry-wet cycles, and the degree of strength deterioration varies under different vertical consolidation stresses. The degradation of soil shear strength under the dry-wet cycles decreases with the increase of vertical consolidation stresses, indicating the suppressive effect of vertical consolidation stresses on the degradation of soil strength in dry-wet cycles. After eight wet-dry cycles, the shear strength of the soil deteriorates by 50.61% at consolidation stress of 200 kPa, while its deterioration is 31.74% at 800 kPa.
Figure 11 shows the variation of soil shear strength with dry-wet cycles under different vertical consolidation stresses. To simplify the fitting function, 0.1 was used to represent 0 dry-wet cycles. It can be seen that the shear strength degradation of soil under the same vertical consolidation stress conforms to the logarithmic function, with significant non-uniformity under dry-wet cycles, which is closely related to the soil disintegration characteristics. During the massive disintegration stage (n ≤ 2), the degradation of soil shear strength under dry-wet cycles is significantly increased. During the transitional stage (2 < n ≤ 4), the disintegration of coarse soil particles in water slows down. The soil structure is relatively stable, and the rate of shear strength deterioration decreases. During the stabilization stage (n > 4), the block disintegration tends to be stable, with rare cracks generated by the coarse particles. The disintegrated material content remains almost unchanged, and the soil shear strength deterioration rate gradually reaches the limit value.
[image: Figure 11]FIGURE 11 | Deterioration degree of shear strength under dry-wet cycles.
4.1.3 Variation pattern of the shear strength index
To analyze the variation pattern of soil shear strength index under dry-wet cycles, the Mohr-Coulomb criterion was used to fit σ and τ.
[image: image]
where σ and τ are the normal stress (kPa) and shear stress (kPa) on the soil shear plane. c and φ are the cohesion (kPa) and internal friction angle (º), respectively.
The shear strength index of the soil under different dry-wet cycles obtained by Eq. 3 is shown in Table 3.
TABLE 3 | Shear strength parameters of soil under different dry-wet cycles.
[image: Table 3]Figure 12 shows the variation of soil shear strength with dry-wet cycles. Under dry-wet cycles, the degradations of soil cohesion and internal friction angle are consistent, both showing the trends of first decreasing and then stabilizing. However, the degradation of the cohesion is significantly larger than that of the internal friction angle. After one wet-dry cycle, the cohesive force and internal friction angle decrease by 62.03% and 6.32%, respectively. After four wet-dry cycles, the cohesion and internal friction angle decrease by 86.71% and 13.29%, respectively. After eight wet-dry cycles, the cohesion and internal friction angle decrease by 89.87% and 18.94%, respectively. The reason is that the cohesion and the internal friction angle of the rockfill material are composed of the interlocking force and friction strength between soil particles. Although the inter-particle friction strength decreases with the decreasing number of block particles, the broken particles still have a certain friction strength under the consolidation stress, leading to a relatively small internal friction angle.
[image: Figure 12]FIGURE 12 | Deterioration characteristics of shear strength index under dry-wet cycles. (A) Cohesion. (B) Angle of internal friction.
Assuming that the damage to the soil by dry-wet cycles is a continuous process, the damage evolution equation for the shear strength parameters of the soil can be established. Statistical analysis reveals that the deterioration trend of shear strength parameters of argillaceous siltstone rockfill materials can be better fitted by the following power functions:
[image: image]
[image: image]
4.2 Soil deformation characteristics
4.2.1 Shear dilation rate
In addition to shape changes, volume changes also occur during soil shear damage. The volume dilation and volume contraction of soil due to shear stress is referred to as shear dilation (Huang et al., 2016). In the direct shear test, the upward vertical displacement of the soil indicates shear dilation, and the downward vertical displacement indicates shear contraction. The shear dilation rate η for soil shear damage can be calculated based on Eq. 6:
[image: image]
where ψ is the shear dilation angle of the soil; [image: image] is the volume strain increment; [image: image] is the shear strain increment; h is the vertical displacement; x is the shear displacement; D is the thickness of the shear zone.
Figure 13 shows the variation of soil shear dilation rate η with different vertical loads σ and dry-wet cycles n. As the number of dry-wet cycles increases, the soils vary from shear dilation to shear contraction. By increasing the vertical consolidation stress, the number of dry-wet cycles for the change from shear dilation to shear contraction decreases. Therefore, the dry-wet cycle and vertical consolidation stress are two factors affecting the deformation of rockfill materials by shear dilation. The range analysis shows that the shear dilation of the soil is more prominently influenced by the wet-dry cycle.
[image: Figure 13]FIGURE 13 | Curves of shear dilation rate under dry-wet cycles.
As one of the basic properties of soil, shear dilation is a dominant factor influencing the deformation and damage properties of soil (Zhang et al., 2016). Soil shear dilation depends on the soil particle composition and the interaction between the particles. The dry-wet cycle intensifies the disintegration of the block particles in the soil, and the structural characteristics of the soil are constantly changing, with different shear dilations. When the number of dry-wet cycles is 0, the block particles are not disintegrated in water, and the friction between the block particles causes the gradual hollowing of some particles. At this time, the soil volume continuously increases, and the deformation caused by shear dilation significantly intensifies until the soil is damaged by yielding deformation. With the intensification of dry-wet cycles, the block particles are continuously disintegrated by water, and the dense skeleton structure of the soil is seriously damaged. Coupled with the stress concentration during shear deformation, the pores between the grains are gradually closed by pressure, reducing the volume of the soil. At this time, most fine particles formed by disintegration are directionally arranged along the shear surface. With the increasing shear stress in the soil, the soil body shows shear plastic flow damage.
4.2.2 Shear modulus
The soil shear modulus G characterizes the ability of the soil to resist shear deformation. When shear deformation occurs in rockfill materials, the shear modulus continuously changes with the increase of shear displacement. Its value can be expressed by the slope of the tangent line at a point on the stress-shear strain curve. The shear modulus corresponding to shear strain 0.01 (shear displacement 3 mm) and shear damage (shear displacement 45 mm) are denoted as G0.01 and Gf, respectively, and the variation of the shear modulus of rockfill materials with the accumulation of dry-wet cycles is plotted in Figure 14.
[image: Figure 14]FIGURE 14 | Curves of shear modulus under dry-wet cycles. (A) G0.01. (B) Gf.
It can be seen from Figure 14 that the soil shear modulus G0.01 is greater than Gf under the same test conditions. The reason is that during the initial stage of shear, the block stone particles in rockfill materials are closely interlocked, enhancing the rolling and friction of the particle. The shear force required to develop a small shear deformation of the soil sample rapidly increases, and the shear modulus G0.01 corresponding to a shear strain of 0.01 is large. During the shear damage stage, rupture occurs in the soil particle interlocking structure, resulting in a loose soil structure at the shear surface and a slow increase in shear stress. At this time, the shear modulus Gf of the soil relatively decreases. When the number of dry-wet cycles n is fixed, the soil is more densely squeezed with the increase of vertical load σ. The resistance to shear deformation is enhanced, and the soil shear modulus G0.01 and Gf are increased. At a constant vertical load σ, the coarse particles in the soil continuously disintegrate until the disintegration is stable. The interlocking force between particles weakens, the number of fine particles arranged along the shear surface increases, and the shear deformation resistance of the soil gradually decreases and reaches a constant state. In this process, both G0.01 and Gf exhibit the trend of first decreasing and then stabilizing.
5 DISCUSSION
5.1 Relationship between strength degradation and disintegration characteristics
X-ray diffraction analysis shows that the argillaceous siltstone is rich in clay minerals, and the typical laminating structure of the rock microstructure is observed by a scanning electron microscope. The results indicating that the water stability of the argillaceous siltstone is poor, and it is easy to produce wet disintegration when it encounters water. After two dry-wet cycles, the argillaceous siltstone collapsed sharply, and the coarse particle content decreased from 100% before the test to 40.7%. After four dry-wet cycles, the disintegration rate of coarse particles slowed down and the content of coarse particles is 26.5%. After eight dry-wet cycles, it is difficult for coarse particles to disintegrate again and the content of coarse particles is 19.7%.
The strength deterioration of argillaceous siltstone rockfill also has the similar characteristics under the corresponding dry-wet cycle shear tests. When the dry-wet cycles are repeated twice, the coarse particles immersed in water to produce strong disintegration, the number of interlocking coarse particles decreased, and the shear hardening characteristics of the soil weakened. The deterioration of soil shear strength increases rapidly, and the deterioration reaches 38.01% for the soil sample with a normal load of 200 kPa. The soil cohesion decreases by 82.91% and the internal friction angle decreases by 7.97%. When the dry-wet cycles are repeated four times, the coarse particles in the soil are fully disintegrated, and the content of fine particles increased sharply. The occlusion and rolling friction of coarse particles in the shear deformation gradually disappeared, and the shear stress of soil increased slowly and tended to be stable, and the plastic flow trend began to appear. The deterioration of soil shear strength changes little, and the deterioration of the soil sample with normal load of 200 kPa is 44.52%. The soil cohesion decreases by 86.71% and the internal friction angle decreases by 13.29%. When the dry-wet cycles are repeated eight times, the soil showed plastic flow characteristics and weak stress softening phenomenon after shear yield. Because the coarse particle disintegration is basically stable, the shear strength deterioration of soil is relatively small. Taking the soil sample with 200 kPa normal load as an example, the deterioration only increased from 44.52% to 50.61% after four to eight dry-wet cycles. The soil cohesion decreases by 89.87% and the internal friction angle decreases by 18.94%.
By comparing and analyzing the results of disintegration test and strength deterioration test, it is not difficult to find that the shear strength characteristics of argillaceous siltstone rockfill under dry-wet cycles are mainly caused by wet disintegration of coarse particles in the rockfill, and the content of fine particles increases sharply. With the increase of the number of dry-wet cycles, the proportion of coarse and fine particles in the soil has changed significantly, and the skeleton structure of the soil has also changed. The coarse particles disintegrate with water, the content of fine particles is increasing, and the interlocking and rolling friction of the coarse particles are gradually weakened, which leads to the deterioration of the shear strength of the soil.
5.2 Degradation mechanism of the shear strength
The shear strength of the rockfill material is composed of the apparent cohesion and friction strength of the soil (Yang et al., 2021). The apparent cohesion reflects the adhesion degree of fine particles in the soil and the interlocking strength of coarse particles. The friction strength is a macroscopic representation of the frictional interaction of soil particles on the shear surface and the degree of directional particle arrangement. Under dry-wet cycles, the block particles in rockfill materials soften and disintegrate, the bound water between fine particles thickens, and the directional arranged fine particles on the shear surface significantly increase, resulting in the continuous deterioration of soil shear strength. The meso-mechanism of shear strength deterioration of rockfill materials under dry-wet cycles is shown in Figure 15.
[image: Figure 15]FIGURE 15 | Schematic diagram of deterioration mechanism of shear strength of rockfill materials. (A) Shear surface of soil sample under different dry-wet cycles. (B) Deterioration of apparent cohesion. (C) Deterioration of friction strength.
Figure 15A shows the shear surface characteristics of soil samples under different dry-wet cycles. Compared with the shear surface of the soil sample after zero dry-wet cycle, the coarse particles on the shear surface after twice dry-wet cycles decreases significantly, and there is phenomenon of coarse particle breakage. After four times dry-wet cycles, the fine particles in the shear surface increased significantly, the occlusion of coarse particles decreased, and the shear surface is unsmooth. After eight times dry-wet cycles, only a small number of coarse particles are distributed on the shear surface. The shear surface is flat and smooth, and no trace of the occlusion and rolling friction of coarse particles is observed.
Figure 15B illustrates the deterioration of the apparent cohesion of the rockfill material under dry-wet cycles. It can be seen that disintegration occurs when the argillaceous siltstone rockfill material is exposed to water. The clay particles formed by disintegration are dissociated and negatively charged by water. After forming an electric field, the cations in the aqueous solution are tightly adsorbed on the surface of the clay particles through the electric field attraction to form a bound water membrane, exerting a certain bonding effect between the clay particles. However, after multiple wet-dry cycles, the coarse particles in the soil material are continuously wetted and cracked, significantly increasing the number of clay particles. These particles are bound to each other through the bound water, and repeated immersion in the wetting environment thickens the bound water membrane between them. The electric field attraction is insufficient to overcome the gravitational water flow, weakening the binding strength between soil particles. Furthermore, the dry-wet cycles accelerate the shrinkage-expansion deformation of clay-rich mineral particles, with an increasing number of internal fractures. In the alternating changes of dry and wet environments, these fractures gradually open, widen, deepen, and penetrate. As a result, the disintegration of block particles continuously occurs, and the particle edges are gradually smoothed with increased roundness. The interlocking effect between particles continuously weakens, and the apparent cohesion of the soil body further deteriorates.
Figure 15C illustrates the particle distribution characteristics on the shear surface of the rockfill material under dry-wet cycles. It can be seen that under dry-wet cycles, the coarse particles are wetted and disintegrated, the number of fine particles significantly increases, the roundness of soil particles increases, and the interlocking friction between soil particles decreases significantly due to the decrease in particle size. In addition, the frictional impedance effect of the soil is weakened by the increasing number of fine particles directionally arranged on the shear surface. Due to the alternating dry and wet actions, cracks and defects sprout inside the block before the particle disintegration is completed. As a result, the soil can hardly form a stable bearing skeleton structure, and its friction strength is significantly weakened.
5.3 Analysis of the experimental limitations and sources of error
In the existing dry-wet cycle shear tests, soil material is mostly dipped and dried on the outside of the test machine and then filled into the test machine when a certain number of cycles. This test method is usually inconsistent with the stress state of soil in nature and ignores the consolidation stress condition of soil. This study realizes the dry-wet cycle process of the soil in the test machine, which can truly reflect the consolidation stress state of soil, thus avoiding the disturbance of soil structure during the preparation of the soil sample after the dry-wet circulation. Therefore, the test method is innovative. However, the direct shear test in this study still has some unavoidable experimental limitations and sources of error.
On the one hand, the shear surface of the soil in the indoor direct shear test is artificially fixed and decreases with shear, the shear zone is limited to the upper and lower shear box openings and the particles cannot be fully deformed. These defects in the test apparatus inevitably have an impact on the test results. On the other hand, as with existing indoor geotechnical test equipment for coarse-grained soils, the size of the test machine is limited by the inability to carry out shear tests on full-scale graded soils. The maximum particle size allowed in the direct shear test is 60mm, which is very different from the maximum particle size in the field. Therefore, the test results can only reflect the change law of shear strength of soil and reveal the internal mechanism of action, but cannot reflect the real mechanical properties and strength index results of soil.
In order to eliminate the influence of artificial fixed shear surface on the test results, the laminated shear test should be carried out, that is, multiple shear planes are set in the test apparatus, and the shear strength characteristics of the soil are revealed by analyzing the most unfavorable shear weak plane in the soil. In addition, in order to eliminate the scale effect of the test soil material, it is necessary to carry out full scale in-situ test. In-situ tests require improved accuracy of data acquisition and stability of pressure control. This aspect of the research will be progressively improved in subsequent research work.
6 CONCLUSION
Based on the disintegration resistance test and dry-wet cycle shear test of the argillaceous siltstone rockfill materials, this paper reveals that the characteristics of wet disintegration and shear strength deterioration of rockfill materials, and analyzes the strength deterioration mechanism of rockfill materials from the meso-structure. The main conclusions are provided as follows.
(1) The argillaceous siltstone is rich in clay minerals, with a content of over 60%, and disintegrates strongly when exposed to water. The disintegration degree of argillaceous siltstone has the characteristics of three stages with the accumulation of dry-wet cycles. The massive disintegration stage (n ≤ 2) has a significant reduction in coarse grain content and a significant increase in disintegrate content, the transitional stage (2 < n ≤ 4) has a slower disintegration rate of coarse grains in water, the stabilization stage (n > 4) is difficult to produce further fractures of coarse grains and the disintegrate content almost ceases to change.
(2) The dry-wet cycle change condition of rockfill material inside shear testing machine is realized. With the accumulation of dry-wet cycles, the rockfill material experiences deformation from shear dilation to shear contraction. The shear damage of rockfill material gradually progresses from strain hardening to shear plastic flow, exhibiting a slight stress softening characteristic. Both soil cohesion and internal friction angle show the trend of first decreasing and then stabilizing under dry-wet cycles. However, the deterioration degree of cohesion is significantly greater than that of the internal friction angle.
(3) The weakening of the apparent cohesion and friction strength of soil are the main reasons for the shear strength deterioration of rockfill material in the alternating dry-wet cycle. The fine particles are bound to each other through the bound water, and repeated immersion in the wetting environment thickens the bound water membrane between them. The electric field attraction is insufficient to overcome the gravitational water flow, weakening the binding strength between soil particles. Meanwhile, the coarse particles are wetted and disintegrated, the number of fine particles significantly increases. The roundness of the particles on the shear surface increases, and the number of directionally arranged particles increases, weakening the frictional impedance effect of the soil.
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