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In landslide studies, particle size is a key quantitative indicator, reflecting the formation and development of the sliding zone. It plays a crucial role in understanding the mechanisms and evolutionary processes that lead to landslide occurrences. Precise measurement of particle size is crucial. This study centered on soil samples from the Lanniqing landslide in Southwest China. To begin, seven distinct methods were used to preprocess the soil samples. Next, the particle size frequency distribution was measured using the Mastersizer 2000 laser particle size analyzer. Key parameters, including median particle size, mean particle size, sorting coefficient, skewness, and kurtosis, were then compared and analyzed to determine the most appropriate preprocessing method for evaluating the characteristics of the soil samples. The mechanism of landslide occurrence was subsequently analyzed by examining the particle size characteristics, mechanical properties, and mineral composition of the soil samples. The results suggested that method C provides the most reliable analysis of particle size characteristics in soil samples. The observed coarsening of coarse particles, along with a significant increase in clay content within the sliding zone, indicates that the sliding surface has undergone multiple shear and compression events. The interplay of the upper traffic load and slope cutting at the front edge set the stage for the Lanniqing landslide, prompting the initial development of potential sliding surfaces. Rainfall acts as a catalyst for slope instability. The high clay content, combined with the formation of a low-permeability layer rich in clay minerals on the sliding surface, leads to excessive pore water pressure and mineral lubrication. These factors inherently trigger and accelerate the occurrence of the landslide.
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1 INTRODUCTION
The occurrence mechanisms, disaster-triggering effects and susceptibility assessment of landslides have consistently been focal points in landslide disaster research (Huang et al., 2012; Du et al., 2024; He et al., 2021; Chen et al., 2022). The former primarily centers on investigating the physical and mechanical properties of landslides through experiments or numerical simulations to uncover the mechanisms behind landslide occurrences. This research encompasses factors such as particle size, microstructure, and mineral composition, along with how these characteristics influence the permeability and the physical and mechanical properties of landslide materials. The latter focuses primarily on the movement processes and mechanisms of landslide soil deposits, as well as the stability of landslide dams. Key research areas include the movement dynamics and failure modes of landslides (Fang et al., 2024a; Pipatpongsa et al., 2014; Fang et al., 2024b). The final aspect of risk assessment primarily depends on model development and accuracy evaluation, utilizing methods such as logistic regression algorithms and machine learning (Cemiloglu et al., 2023), machine learning techniques (Yaser et al., 2023), soft computing approaches (Mao et al., 2024), and artificial neural networks (Nanehkaran et al., 2023).
A key factor in this analysis is the particle size of the sliding masses, as it directly influences the movement and deposition of these earth materials (Chen et al., 2024a). Friction and shear behavior during migration can alter the structure and particle size of landslide soil deposits. For instance, particle wear and sieving transform larger particles into smaller ones, resulting in a more uniform particle size distribution (Peng et al., 2023). This change influences the movement behavior of the soil (Peng et al., 2023; Jiang et al., 2016; Choi and Song, 2023). Additionally, particle fragmentation significantly impacts landslide dynamics, contributing to high-speed sliding (Wei et al., 2024). Finally, the characteristics of landslide soil deposits exhibit significant variability (Wang et al., 2013; Zhao et al., 2013), which in turn impacts the remaining deposit. If a landslide occurs in a mountainous area and blocks a river to form a dam, particle size influences both the velocity of the landslide as it enters the river and the cross-sectional shape of the resulting landslide dam (Zhuo et al., 2023). Additionally, particle size affects the seepage characteristics and stability of the landslide dam (Li et al., 2024; Zhou et al., 2019; Zhang et al., 2023; Shen et al., 2016; Wolter et al., 2022). The particle size of sliding masses after initiation, as well as the changes in particle size induced by external forces like friction and shear during landslide movement, is key areas of ongoing research. In fact, the particle size of the sliding-zone soil can also serve as an indicator of the landslide’s development process prior to its initiation.
The formation and evolution of sliding-zone soil before landslide initiation are also crucial aspects of studying landslide mechanisms. The sliding zone, being the softest part of the landslide masses, is most likely to be the first to fail, impacting both the stability of the landslide and its deformation. During the landslide deformation process, the sliding zone undergoes extrusion, shearing, rubbing, and grinding. Notably, the heat generated by friction in the sliding zone is dissipated over the brief duration of the sliding event. The particle size will change, leading to the formation of unique and complex mineral and chemical compositions (Miao and Wang, 2022; Dong et al., 2023). The foundational aspects of geological disaster research, focusing on the engineering geological properties of sliding-zone soil, are examined in detail. The strength of sliding-zone soil is a key focus in studying landslide mechanisms, with particle size being a crucial factor. An increase in clay content within the sliding zone leads to greater shear displacement (Su et al., 2023). Additionally, a higher proportion of fine-sized particles results in lower residual strength (Zhang Y. et al., 2024). Clay particles cause seepage in sliding zones to behave differently compared to seepage in the sliding mass and sliding bed, due to variations in permeability (Wang et al., 2024). Furthermore, a calculation model that accounts for shear strength influenced by particle size can be used to predict landslide velocity and displacement (Miao and Wang, 2023). Related studies have shown significant differences in the distribution of particle size and multi-components between sliding-zone soil and the landslide itself. These differences are primarily controlled by the formation and evolution processes of the landslide (Yin et al., 2012). The more frequently the sliding-zone soil undergoes sliding, the greater the increase in fine particles (Li, 2010). Prolonged sliding typically results in a refinement of particle size in the sliding-zone soil, exhibiting distinct stage characteristics (Zhang et al., 2021). Therefore, as a quantitative analysis index in studying sliding-zone soil, particle size composition serves as an important indicator for the formation and evolution of landslides. It is crucial for analyzing the mechanisms behind landslide formation and their evolution over time.
Particle size is a key index for assessing the properties of sliding-zone soil. Common measurement methods include sieve analysis, sedimentation, light scattering, laser particle analysis, and image analysis. Particle size analysis is extensively utilized in various sediment studies, including dune sediments (Zhang H. et al., 2024), loess sediments (Zhu et al., 2024; Zhao et al., 2024), southern laterite (Wang et al., 2021; Ma et al., 2023; Sarbatly et al., 2009), and lake sediments (Deng et al., 2022; Wang et al., 2023). Among these methods, the laser particle analyzer is widely used due to its advantages of rapid analysis, high reproducibility, and excellent efficiency and accuracy. When using a laser particle size meter, the choice of pretreatment methods before measurement significantly affects the accuracy of the particle size analysis of the sample. Deng et al. (2022) and Wang et al. (2023) used the laser particle size analyzer (Mastersizer 2000, Malvern Company, United Kingdom) to ensure accurate size fractionation, though they did not specify the pretreatment methods used. The impact of different pretreatment methods on particle size test results is significant. Currently, research on the effects of pretreatment methods on the particle size analysis of sliding-zone soil is limited, and there is no consensus on the most appropriate pretreatment method for this type of soil. Therefore, the particle size characteristics of sliding-zone soil are fundamental to landslide research, making it crucial to select an appropriate pretreatment method. This paper focuses on the slip-pass slip zone soil from Qiaojia County, Zhaotong, Yunnan Province, China. Using the Mastersizer 2000 particle size analyzer and multiple particle size parameters, it examines the impact of different pretreatment methods on the particle size characteristics of the slip zone soil. The aim is to identify an appropriate pretreatment method to provide a precise data analysis basis for the material composition of the slip zone soil. Building on this, given that granularity evolution has not been extensively explored in landslide formation, the granularity test results will be utilized to gain a deeper understanding of the underlying causes of landslides.
2 MATERIALS AND METHODS
2.1 Study site and sampling
The study area is situated in Qiaojia County, Zhaotong City, Yunnan Province, China. Qiaojia County borders Dongchuan County in Kunming, Huize County in Qujing, Ludian County and Zhaoyang County in Zhaotong, Yunnan Province, and is separated by the Jinsha River from Huidong County in Liangshan Prefecture, Sichuan Province (Figures 1A, B). Qiaojia is situated within the Sichuan-Yunnan meridian-directional structural system and lies at the intersection of the eastern margin of the northern section of the Sichuan-Yunnan meridian-directional structural belt and the eastern Yunnan structural region. The primary tectonic feature in the area is the Yaoshan tectonic belt. The tectonic development in the study area is primarily characterized by faults (Zhao and Xu, 2013). The area predominantly features a tectonic erosion alpine canyon landform. The Jinsha River flows from the southwest to the northwest of the county, while its tributary, the Niulan River, runs through the northeast. To the west, Yaoshan Mountain, which reaches an elevation of 4,040 m, is situated at the peak of northeast Yunnan. Xiaohe Town is situated in the northwest of the main stream of the Niulan River, nestled in a valley between two mountains, with an elevation of less than 1,000 m (Gao et al., 2011). Qiaojia features a “two rivers sandwiching a mountain” landform, characterized by significant elevation differences and pronounced terrain relief. Xiaohe Town is one of the 17 towns in Qiaojia County and is situated in the northeastern part of the county. The highest point in Xiaohe Town is Mantianxing in Shanbao Village, with an altitude of 3,300 m. Xiaohe is located at the intersection of Lufang Valley and Yinchang Valley, which are part of the Niulan River system—a tributary of the Jinsha River that originates in Songming County, Kunming City. Due to intense erosion by the Niulan River, combined with the effects of fractures and folds, geological disasters frequently occur in Xiaohe Town, resulting in significant economic losses and casualties. The sampling location for this paper is Lanniqing Village, an administrative village within Xiaohe Town. At approximately 4:40 a.m. on 5 September 2019, the northeast slope of Lanniqing Village experienced a landslide due to continuous heavy rainfall and the long-term impact of driving loads on the Shan-ma line road at the trailing edge. Approximately 20,000 cubic meters of fractured mudstone mixed with gray, purple clay, and sub-clay rapidly slid down the slope. The significant height difference exacerbated the situation, leading to a geological disaster that resulted in nine people being buried, two families affected, and substantial destruction of houses, causing significant casualties and economic losses (Figure 1C) (Chen et al., 2024b).
[image: Figure 1]FIGURE 1 | Landslide location and sampling setup overview: (A,B) Landslide location in Yunnan Province and Zhaotong City. (C) Overview of the landslide and the sampling sites.
Through a field study of the Lanniqing landslide and analysis of remote sensing images, we determined that the sliding source area of the landslide is approximately 2,000 square meters (Figure 2A). The transport-scraping area measures about 2,500 square meters (Figure 2B), while the deposit and disaster-causing area totals around 5,000 square meters. The sliding-zone soils from the source area, primarily surrounded by the Shan-ma line, the access route to Lanniqing Village, and its left and right boundaries, was studied to assess the impact of different pretreatment methods on the particle size. This involved identifying a suitable pretreatment method and analyzing how particle size affects the mechanical properties of the soil, as well as the role of sliding-zone soil in landslide occurrence. Sampling was conducted in the sliding source area (Figures 1C, 2A). We selected an area with minimal anthropogenic disturbance, removed surface piles and debris formed by rainfall runoff erosion, and collected approximately 2 kg of soil from the smooth surface of the sliding zone in two locations, labeled QJ1-1 and QJ2-1. Additionally, undisturbed subsoil samples from a depth of 100 cm were collected for comparative analysis, labeled QJ1-5 and QJ2-5. These samples were used to determine particle size characteristics. For soil shear strength determination, samples were also taken using 30 cm2 × 2 cm ring cutters at the same locations (Figures 2C–F).
[image: Figure 2]FIGURE 2 | Overview of the sliding source area and soil sampling locations: (A,B) Sliding source area showing sampling sites and landslide flow zone. (C-E) Photographs and schematic illustrations of the sampling. (F) Soil samples prepared for laboratory testing.
2.2 Testing process
To investigate the impact of various pretreatment methods on both sliding-zone soil and undisturbed subsoil, the samples were air-dried and then sieved through a 2 mm mesh. Seven sets of experiments will be conducted for each soil sample, corresponding to seven pretreatment methods (denoted as A, B, C, D, E, F, and G). In total, 28 samples will be tested. To minimize measurement errors, each sample will undergo three repetitions for each experiment, and the final results will be averaged for analysis. Each soil sample tested weighed 0.2 g. The particle size analysis was conducted using the Mastersizer 2000 (M2000), which has a range of 0.02–2000 μm. The Mastersizer 2000 (M2000) features 52 detectors on a single lens, enabling it to measure a wide particle size range from 0.02 to 2000 μm without the need for initial sample fractionation (Callesen et al., 2018). The M2000 uses laser diffraction to measure particle size. The process begins with monochromatic light emitted from a laser, which is expanded into parallel light through a filtering device and directed onto the particles, creating a diffraction pattern. The diffracted light passes through a Fourier lens, focusing the scattered light in the same direction to form a diffraction ring. The intensity distribution of the scattered light is related to the size and quantity of the particles. This scattered light is focused onto detectors, which measure its angular distribution. The light intensity signal is then converted into an electrical signal, which is amplified and used to calculate the equivalent particle size (Ramaswamy and Rao, 2006; Jiang et al., 2015). The different pretreatment methods were applied as follows (Zha et al., 2022):
A: The soil samples were saturated with purified water and left in a beaker for 24 h before being tested without additional treatment.
B: The soil samples were saturated with purified water and left in a beaker for 24 h. They were then treated with 10 mL of 0.05 mol/L (NaPO₃)₆, followed by 10 min of agitation in an ultrasonic cleaner before measurement.
C: The soil samples were treated with 10 mL of 10% H₂O₂ and boiled on a heating plate until no bubbles were observed. After removing the solution, 10 mL of 0.05 mol/L (NaPO₃)₆ was added. The mixture was then agitated in an ultrasonic cleaner for 10 min before measurement.
D: The soil samples were treated with 10 mL of 10% HCl and then saturated with purified water in a beaker for 24 h. After removing the water, 10 mL of 0.05 mol/L (NaPO₃)₆ was added. The mixture was then agitated in an ultrasonic cleaner for 10 min before measurement.
E: The soil samples were first treated with 10 mL of 10% H₂O₂ and boiled on a heating plate until no bubbles were observed. They were then treated with 10 mL of 10% HCl and saturated with purified water in a beaker for 24 h. After removing the water, 10 mL of 0.05 mol/L (NaPO₃)₆ was added. The mixture was then agitated in an ultrasonic cleaner for 10 min before measurement.
F: The soil samples were saturated with purified water and left in a beaker for 24 h. They were then agitated in an ultrasonic cleaner for 10 min before measurement.
G: The soil samples were treated with 10 mL of 10% HCl and then saturated with purified water in a beaker for 24 h.
In the pretreatment methods described, hydrochloric acid (HCl) is primarily used to remove the effects of carbonate cementation, while hydrogen peroxide (H₂O₂) is employed to eliminate the influence of organic matter agglomeration. Additionally, sodium hexametaphosphate ((NaPO₃)₆) is used to address issues related to particle dispersion. The results from various pretreatment methods were compared to assess the impact of different treatments and reagents on particle size characteristics. For instance, methods A and F were compared to evaluate the effect of oscillation, while methods B and F were used to determine the influence of (NaPO₃)₆. The comparison between methods A and G examined the effect of HCl in the presence of other reagents, and the comparison of methods C and E highlighted the effect of HCl when used with H₂O₂ and (NaPO₃)₆. It is necessary to note that mineral composition analysis was performed using X-ray diffraction (XRD), microstructural observations were made with a Scanning Electron Microscope (SEM), and shear testing was conducted using a direct shear test apparatus.
2.3 Computational method
Here, the widely used graphical method (Folk and Ward, 1957) was employed to calculate, compare, and analyze the particle size test results of different pretreatment methods. This method is commonly utilized for grain size analysis of sediments. This method is preferred for its speed and accuracy, effectively minimizing the impact of outliers on the data. It is particularly useful for comparing grain size data across different processing results and can also be applied to study the particle size of sliding-zone soil. The parameters commonly used to describe the statistical characteristics of particle size in this method include: median particle size (Md), mean particle size (Mz), sorting coefficient (Sd), skewness (Sk) and kurtosis (Ku). These parameters offer various perspectives on particle size characteristics. The particle size distribution can be analyzed through the median and mean particle sizes, which reflect the central tendency of particle size. The sorting coefficient indicates the uniformity of the particle size distribution. Skewness measures the asymmetry of the particle size distribution, while kurtosis assesses the sharpness of the particle frequency curve. The cumulative curve (Figures 3B, D, F, H) was derived from the frequency distribution of particle size measurements (Figures 3A, C, E, G) obtained using the M2000. By selecting values from representative points and applying the calculation equations listed in Table 1, the parameters were quantified. In the table, the ϕ values are calculated using the Krumbein transform method: ϕ = −Log₂(D), where D represents the particle size in millimeters (mm). The values ϕ₅, ϕ₁₆, ϕ₂₅, ϕ₅₀, ϕ₇₅, ϕ₈₄, and ϕ₉₅₋ represent the particle sizes corresponding to 5%, 16%, 25%, 50%, 75%, 84%, and 95% on the cumulative curves, respectively.
[image: Figure 3]FIGURE 3 | The particle size frequency distribution and cumulative curves for sliding-zone soil subjected to various pretreatment methods. In the legend, QJ1-1 and QJ1-5 represent samples from QJ1, while QJ2-1 and QJ2-5 are from QJ2. (A-H): different pretreatment methods used for particle size testing.
TABLE 1 | Computational feature parameters by graphic method.
[image: Table 1]3 RESULTS AND DISCUSSION
3.1 Characteristics of particle size distribution
Figure 3 displays the particle size frequency distribution curves for the sliding-zone soil samples QJ1-1 and QJ2-1, as well as the undisturbed subsoil samples QJ1-5 and QJ2-5. It is evident that the frequency distribution curves for the same sample vary significantly depending on the pretreatment method used. Firstly, the analysis of sample QJ1-1 revealed that the frequency curve for QJ1-1A, which underwent only purification with water, exhibited a single-peak shape. The peak particle size was approximately −1.6ϕ, indicating a coarse particle size. The oscillatory process using an ultrasonic cleaner (QJ1-1F) resulted in noticeable changes, producing a multi-peak morphology. The highest peak occurred around −0.46ϕ, and the overall curve shifted to the right, indicating that the particle size became finer. With the addition of (NaPO₃)₆ (QJ1-1B), the curve transitioned to a single-peak morphology. The peak particle size remained at −0.46ϕ, but the percentage increased from 3.42% to 4.42%, indicating a noticeable rise in the proportion of fine particles. The above analysis indicates that both the oscillatory process and the addition of (NaPO₃)₆ had a substantial dispersing effect on the particles, leading to a notably finer particle size. Additionally, the analysis of the effect of HCl on particle size showed that the curve for soil sample QJ1-1G, treated with HCl, was similar to that of QJ1-1A, with only a slight shift to the right. The peak particle size changed from −1.6 ϕ to −1.36 ϕ, suggesting a slight tendency toward coarser particle size after the addition of HCl, though the change was not pronounced. Comparing QJ1-1B and QJ1-1D shows that, despite the particles being well-dispersed due to the oscillatory process and (NaPO₃)₆, the addition of HCl induces significant changes in particle size. The curve for QJ1-1D shifts to the left, with the peak particle size changing from −0.46 ϕ to −1.48 ϕ. The morphology of the curve transitions from single-peak to multi-peak, indicating a noticeable coarsening of the particle size. This is because, when particles are finely dispersed, incomplete removal and cleaning with HCl can lead to the cohesion of clay particles, significantly reducing the content of fine particles. Additionally, during the removal and cleaning process with HCl, some finer particles may be lost. As a result, these factors contribute to the observed coarsening of the particle size. The results from QJ1-1G reveal that the coarsening effect of particle size caused by HCl is more pronounced compared to other methods. Comparing QJ1-1B and QJ1-1C shows that after adding H₂O₂, (NaPO₃)₆, and using the oscillatory process, the peak particle size remains at −0.46ϕ, and the curve shape is consistent. The addition of H₂O₂ resulted in only a slight increase in the content of fine particles, with the most notable change being a reduction in peak content from 4.42% to 3.83%, representing a decrease of −0.59%. Therefore, the impact of H₂O₂ on particle size in the pretreatment of sliding-zone soils with minimal organic matter is negligible. Additionally, it was found that the traditional E method for particle size testing pretreatment is not the most suitable approach.
In Figures 3E–H, the particle size curves for QJ2-1 show noticeable differences due to various pretreatment methods, with the particle sizes generally being coarse. For sample QJ2-1A, the peak particle size remains large, approximately −1.36ϕ, which is similar to the value observed in QJ1-1A. The curve for QJ1-1F shifts to the right overall, indicating a significant reduction in particle size. In contrast, the curve for QJ2-1F, processed using the same method, exhibits a pronounced multi-peak morphology. The peak particle size for QJ2-1F is about −0.46ϕ, with a percentage of 3.65%, which is comparable to that of QJ1-1F. The peak particle size of the QJ2-1B curve is also at −0.64ϕ, but it shows an increase in fine-grained particles. In contrast, the QJ2-1C curve, which was treated with H₂O₂, differs significantly from QJ1-1. It shifts to the right and displays a multi-peak morphology, with a peak particle size of −0.34ϕ and a percentage of 5.26%. The particle size of QJ2-1 is notably finer, likely because QJ2-1 was sampled from a slope where organic matter, carried by surface water, accumulates, resulting in a higher organic matter content compared to QJ1-1. The addition of H₂O₂, which removes organic matter, had a significant impact on the particle size results for QJ2-1. In other respects, the effects of different pretreatment methods on the particle size results for QJ2-1 are similar to those observed for QJ1-1, and thus will not be further discussed.
3.2 Particle size parameters
Further research is needed to quantitatively analyze the impacts of different pretreatment methods on particle size parameters. Following the particle size grading standards (Shaanxi North team of Chengdu University of Geology, 1978), soil samples are categorized into clay (<2 μm), silt (2–63 μm), and sand (>63 μm), and the percentage for each size interval is calculated (Figure 4). The particle size parameters for each soil sample were then computed using the graphical method, as detailed in Table 2. The impact of different pretreatment methods on the percentage of each particle size interval is also significant. For QJ1-1, the particles are primarily silt, followed by clay, with sand being the least prevalent. After adding purified water (QJ1-1A), the sample showed a lower clay content (17.46%) and a higher silt content (76.09%), with median and mean particle sizes of 6.33ϕ and 6.56ϕ, respectively. In contrast, QJ1-1G, treated with HCl, exhibited a decrease in clay content (16.74%) and an increase in sand content (82.09%), with median and mean particle sizes of 6.70ϕ and 6.86ϕ, respectively, indicating a coarsening of particle size. QJ1-1F, which underwent ultrasonic treatment, demonstrated a significant increase in clay content (40.31%) and a decrease in silt (58.60%), with median and mean particle sizes of 8.27ϕ and 8.06ϕ, respectively. This sample had the finest particle size among all pretreatment methods. Compared to QJ1-1F, the particle size interval percentages, median particle size (8.15ϕ), and mean particle size (8.03ϕ) of QJ1-1B were smaller, indicating that (NaPO₃)₆ had a dispersing effect on the particles. However, this effect was less pronounced than that achieved through ultrasonic oscillation. QJ1-1D, which was treated with HCl, showed a low clay content (21.57%) and median and mean particle sizes of 7.03ϕ and 7.05ϕ, respectively. This indicates that HCl significantly coarsened the particle size compared to samples treated with other chemical reagents. The HCl tends to increase the grain size, a phenomenon supported by existing literature. On one hand, the removal and cleaning effects of HCl can lead to the loss of finer particles, particularly when other chemical reagents are involved (Wang et al., 2018). Additionally, excess HCl can react with clay minerals (such as chlorite and kaolinite), causing particle coagulation and resulting in further coarsening of the particle size (Liu et al., 2012). In contrast, QJ2-1C, treated with H₂O₂, had the highest clay content (56.05%), with silt at 43.95% and no sand, resulting in a median particle size of 9.07φ. This suggests that the dispersing effect of H₂O₂ was more pronounced compared to the effect of (NaPO₃)₆, as seen in QJ2-1B.
[image: Figure 4]FIGURE 4 | Interval proportion of particle content in soil samples: (A) QJ1-1 with different pretreatment methods. (B) QJ1-5 with different pretreatment methods. (C) QJ2-1 with different pretreatment methods. (D) QJ2-5 with different pretreatment methods.
TABLE 2 | Particle size parameters of soil samples calculated by graphic method.
[image: Table 2]Based on the above analysis of particle size curves and parameters, it is clear that both ultrasonic oscillation and (NaPO₃)₆ effectively dispersed the particles during pretreatment. However, the dispersing effect of ultrasonic oscillation was more pronounced than that of (NaPO₃)₆. The use of HCl resulted in a reduction of clay content, an increase in silt, and a general coarsening of the particle size. For sliding-zone soil with a high clay content, these changes can lead to biased particle size test results. Therefore, it is advisable not to use HCl in the particle size measurement of sliding-zone soil. Given that the organic matter in the sliding-zone soil is generally low, the impact of H₂O₂ during pretreatment is minimal. Therefore, this paper recommends discussing the particle size results obtained using pretreatment method C for analyzing landslide occurrences.
3.3 Physical and mechanical characteristics of sliding zone soil
3.3.1 Characteristic of particle size
The particle size of sliding-zone soil is fundamental for understanding the engineering geological properties associated with landslides. After pretreatment using method C, the frequency distribution curves for sliding-zone soils QJ1-1 and QJ2-1 exhibit a multi-peak morphology, in contrast to the single-peak morphology observed for undisturbed subsoil samples. For QJ1-1, the particle size distribution percentages are 2.34% sand, 67.61% silt, and 30.05% clay. For QJ2-1, the percentages are 0% sand, 56.05% silt, and 43.95% clay. In comparison, the undisturbed subsoil samples show different distributions: QJ1-5 has 0% sand, 79.93% silt, and 20.07% clay, while QJ2-5 has 0.05% sand, 71.99% silt, and 27.96% clay. In terms of particle size parameters, the median and mean particle sizes, along with the sorting coefficients, differ between the sliding-zone soils and the undisturbed subsoil. For QJ1-1, the median particle size is 7.78 ϕ, the mean particle size is 7.60 ϕ, and the sorting coefficient is 2.13. For QJ2-1, these values are 9.07 ϕ for the median, 7.99 ϕ for the mean, and 1.73 for the sorting coefficient. In comparison, the undisturbed subsoil samples show median and mean particle sizes of 6.99 ϕ and 7.20 ϕ with a sorting coefficient of 1.75 for QJ1-5, and 7.86 ϕ and 7.89 ϕ with a sorting coefficient of 1.66 for QJ2-5. These results indicate that the particle size distribution of sliding-zone soils is notably finer than that of the undisturbed subsoil, as evidenced by both the frequency distribution curves and particle size parameters. During the landslide process, the sliding-zone soil undergoes shear, extrusion, and abrasion, leading to a reduction in coarse particles and an increase in fine particles. This results in a shift from a single-peak to a multi-peak morphology in the particle size distribution curve, with an additional peak appearing in the fine-grained interval. In terms of percentage distribution, the sliding-zone soils are primarily composed of silt, followed by clay, with sand present in smaller amounts. In contrast, the undisturbed subsoils have a significantly higher clay content—an increase of 10%–20%—at the expense of silt and sand. The median and mean particle sizes of the sliding-zone soil are smaller and finer compared to those of the undisturbed subsoils, though the differences between them are not substantial. The observed fining and notable increase in clay content in the sliding-zone soil, resulting from external forces during the sliding process, resemble the particle size characteristics seen in the landslide of the accumulated massive loose layer in Tangjiashan, Yunnan Province, China (Chen et al., 2015). Through site investigation and remote sensing image analysis of the Lanniqing landslide, it was observed that prior to the landslide, the front edge of the slope had been affected by engineering cutting due to road construction leading to Lanniqing Village. Additionally, long-term traffic load from the Shan-ma road at the back edge of the slope had induced creep deformation. Significant deformation has occurred, with a more pronounced depression zone forming at the back edge. At this stage, a potential sliding surface has developed, and creeping sliding has begun. During the landslide’s incubation and the evolution of the sliding zone, the soil has experienced multiple stages of varying degrees of shear sliding and extrusion. Combined with groundwater activity, this has led to a gradual increase in fine particles within the sliding zone.
3.3.2 Mechanical characterization and relationship to its particle size
The particle size of the sliding-zone soil reflects the evolutionary process of landslide movement and significantly impacts the soil’s mechanical properties, which in turn influences landslide occurrence and development. Since soil mechanical characteristics, which are affected by particle size composition, are crucial for determining landslide stability, research into these characteristics is essential. Direct shear tests were performed to investigate these properties, and the stress-strain curves for the soil samples are presented in Figure 5. Under consistent vertical pressure, shear stress in the soil samples increases with shear displacement, though the rate of increase slows down over time until the soil fails due to shear. The shear deformation characteristics of the soil samples are generally similar. However, a few samples, such as QJ1-1 (at 300 kPa) and QJ2-1 (at 100 kPa), exhibit properties akin to dense clay, showing a distinct peak value and strain-softening behavior. These peak values can be used to determine the shear strength of the samples. In contrast, most samples display no distinct peak value and instead show strain-hardening behavior. After reaching a certain degree of shear deformation, the shear stress continues to increase until the shear surface is fully ruptured due to the stick-slip effect characteristic of “soft clay” on the shear surface. Additionally, some soil samples show minimal variation in shear strength across different vertical pressures, suggesting that changes in vertical pressure have a limited impact on shear strength. These observations highlight the unique properties of the sliding-zone soil from the Lanniqing landslide.
[image: Figure 5]FIGURE 5 | Stress-strain curves from shear tests of soil samples: (A) QJ1-1 under different vertical pressure. (B) QJ1-5 under different vertical pressure. (C) QJ2-1 under different vertical pressure. (D) QJ2-5 under different vertical pressure.
Based on the shear strength measurements from the soil samples and Coulomb’s law, the values of shear strength, cohesion c, and internal friction angle ϕ for each soil sample are summarized in Table 3. It is observed that the shear strength of the soil increases with the increase in vertical pressure. The shear strength of most sliding-zone soils is higher compared to that of the undisturbed subsoils. Notably, the shear strength of QJ2-1 and QJ2-5 is greater than that of QJ1-1 and QJ1-5. The comparison of shear strength indicators reveals the following: for QJ1-1 and QJ1-5, the cohesion values are 33.02 kPa and 5.44 kPa, while the internal friction angles are 15.11° and 21.08°, respectively. For QJ2-1 and QJ2-5, the cohesion values are 119.34 kPa and 11.94 kPa, with internal friction angles of 15.11° and 24.23°, respectively. So the cohesion of the sliding-zone soils is significantly higher compared to the undisturbed subsoils, whereas the internal friction angles of the sliding-zone soils are generally lower. The determinants of shear strength indicators reveal that cohesion arises from factors like cementation and electrostatic molecular attraction between soil particles, and it is influenced by the presence of fine grains and moisture content. In contrast, the internal friction angle is derived from the surface roughness friction between soil particles along the shear plane and the interlocking force generated by particle interembedding. This angle is affected by vertical stress, particle size distribution, and the shape of the particles. Based on the particle size test results, it was observed that the slip-belt soils QJ1-1 and QJ2-1 contain significantly higher clay content, with smaller median and mean particle sizes. This suggests that the variations in shear strength and its indicators among the soil samples are attributable to differences in particle size. The high fine particle content in the sliding zone is likely due to the sliding surface undergoing multiple stages of displacement and sliding, which contributes to the distinct shear strength characteristics of these soils.
TABLE 3 | The shear strength and its indicators of each soil sample.
[image: Table 3]The X-ray diffraction analysis of the sliding-zone soils, as shown in Figure 6, reveals that these soils are primarily composed of chlorite, mica, quartz, and potash feldspar. Specifically, chlorite content ranges from 10% to 15% in some samples and 5%–10% in others, while mica content ranges from 20%–25% to 15%–20%. Quartz is the most abundant mineral, comprising 50%–60% in some samples and 60%–70% in others, while potash feldspar content varies between 5% and 10%. The substantial presence of chlorite and mica, which together make up nearly 40% of the composition, is particularly noteworthy. These minerals, along with the weathering products of mica (such as hydrated mica and illite), are classified as layered aluminosilicates and exhibit high sensitivity to water. This sensitivity significantly influences the unique properties of the sliding-zone soil.
[image: Figure 6]FIGURE 6 | X-ray diffraction pattern of sliding-zone soils of Lanniqing landslide: (A) QJ1-1. (B) QJ2-1.
4 DISCUSS ON LANDSLIDE OCCURRENCE
Accurate measurement of particle size is fundamental to studying the characteristics of the sliding zone. The evolution of the sliding zone, marked by changes in particle size and mechanical strength, reveals that it undergoes disturbances at multiple stages during the occurrence and development of a landslide. In this context, it is essential to examine the failure mechanism of rain-induced landslides based on precise particle size measurements of sliding-zone soils.
Based on the site investigation, the Lanniqing landslide is identified as a shallow landslide, with a shallow sliding surface (Figure 2A). Extensive and detailed research has been conducted by scholars on the failure mechanisms of rainfall-induced shallow landslides. The prevailing understanding is that the rapid infiltration of rainfall causes the landslide mass to gradually become saturated, resulting in a decrease in matric suction and an increase in pore water pressure. The primary cause of shallow landslides is the reduction in effective stress and soil shear strength (Gidday et al., 2023; Bai et al., 2022; Zhang et al., 2021). For example, in the central mountainous region of Ethiopia, a shallow landslide was triggered by the formation of a potential sliding surface within a low-permeability layer, leading to a rise in the transient groundwater level, decreased suction, and reduced shear strength, ultimately resulting in slope failure (Gidday et al., 2023). The vertical infiltration of heavy rainfall, induced by a typhoon in Fujian Province, China, along with changes in the seepage environment due to groundwater migration, are key factors contributing to the shallow sliding failure of granite residual slopes (Bai et al., 2022). A similar mechanism can also explain the shallow instability observed in water-sensitive loess (Zhang et al., 2021). In conclusion, applying the upper stagnating water theory is a reasonable approach to explaining the mechanism behind landslides in areas rich in clay particles within the sliding zone. Additionally, rainfall infiltration increases permeability, which elevates the sliding force, while the migration and local accumulation of fine particles during seepage play a crucial role in triggering shallow landslides. Therefore, the Lanniqing landslide results not only from water stagnation in the upper layers, particularly within the sliding zone, but also from changes in soil structure due to the sliding process.
Initially, the occurrence of the landslide is examined using the upper stagnating water theory for shallow landslides. According to this theory, rainfall leads to the accumulation of pore water pressure in the sliding zone, promoting landslides. This excess pore water pressure is directly linked to the grain size characteristics of the sliding zone soil and is influenced by the rapid infiltration and accumulation of water. The high-viscosity sliding zone, resulting from multi-stage shear dislocation, forms the foundation for this analysis. The source area of the landslide in Lanniqing village is located in the middle to rear part of the slope, where there is a significant change in terrain elevation. Over time, the stress on the slope increased due to prolonged vehicle loads from the Shan-ma road. Despite this, the slope did not show significant deformation under the vehicle load. To enhance access, local villagers constructed a road in the lower part of the sliding source area, resulting in a vertical cut approximately 5 m high, but without any protective measures like retaining walls or drainage systems. Meanwhile, vehicle loads from the Shan-ma road continued to apply pressure on the slope. The combined impact of these factors led to the formation of tension cracks and a noticeable depression zone at the trailing edge, making the edge cutting slope a critical factor in the development of the sliding zone. The multi-stage sliding along the surface results in an accumulation of fine-grained soil in the sliding zone, which contributes to the formation of a local waterproof barrier (Figure 7). Additionally, microstructural observations indicate that the sliding-zone soil contains a high proportion of schistose aggregated minerals (Figure 8), predominantly aluminum silicate minerals such as mica and chlorite, as confirmed by XRD results (Figure 6). Layered aluminosilicate minerals consist of silicon-oxygen and aluminum-oxygen sheets arranged in specific proportions. Although isomorphous substitution can occur, the bonds between the crystalline layers are relatively weak, making them prone to sliding failure under external forces. Additionally, these minerals have low water absorption between the crystalline layers, with small particle sizes and a compact structure that leads to significant water isolation. This results in the minerals being either impervious or weakly permeable. Consequently, the sliding-zone soil, characterized by high clay content and an abundance of clay minerals, is prone to easy sliding and has poor rainfall infiltration.
[image: Figure 7]FIGURE 7 | Overview of the Lanniqing landslide: (A) Generalized model of Lanniqing landslide occurrence. (B-D) Site survey images of each zone of the landslide.
[image: Figure 8]FIGURE 8 | Microstructure of the sliding-zone soil from the Lanniqing Landslide. (A) is the image at relatively low magnification, showing many fine particles. (B-F) are images at higher magnifications in different observation areas, revealing a large amount of schistose aggregated minerals in the slip zone soil. (D) is an enlarged view of (C).
From 8 p.m. on 4 September 2019, to 8 a.m. on 5 September 2019, Xiaohe Town in Qiaojia County recorded 190.7 mm of precipitation, reaching heavy rainstorm levels (data from the Geological Disaster Headquarters of Sichuan Province, China). Strong rainfall infiltrated through existing fractures at the trailing edge, where low permeability soil caused rainwater to accumulate in isolated sliding zone spaces, resulting in the formation of supersaturated upper stagnant water. Additionally, continuous rainwater infiltration exacerbated lubrication effects due to clay minerals, particularly layered clay minerals, enhancing the overall instability. The perched groundwater accumulating in the sliding zone creates hydrostatic pressure in fractures, which increases the sliding force. Simultaneously, the rising pore water pressure within the aquifer further reduces the soil’s effective strength, contributing to slope instability. Additionally, continuous rainwater infiltration worsened lubrication effects because the clay minerals, especially layered clay minerals, are easily disrupted. This disruption increases the likelihood that sliding masses will move along the weakened surfaces, particularly during rainfall, thus exacerbating overall instability.
In summary, the landslide is primarily driven by the foundational factors of driving load and excavation related to village road construction, which create a potential sliding surface and induce multi-stage deformation. The sliding surface becomes enriched with clay particles, forming a low-permeability mass high in clay minerals. Rainfall accelerates slope instability, while intrinsic factors such as mineral lubrication and excess pore water pressure from perched groundwater in the sliding zone play crucial roles in triggering the landslide.
It is important to highlight that the Lanniqing landslide is one of many catastrophic landslides in Yunnan province’s mountainous watershed, China. These landslides have led to significant casualties among local residents, damage to engineering infrastructure, road destruction, and the loss of forest and agricultural resources. The large deposit masses involved in these landslides create conditions conducive to potential debris flows. This case exemplifies the severe consequences that can arise from the interaction between human engineering activities and natural factors, particularly in alpine canyon areas shaped by erosion. In areas where people live and require transportation, insufficient economic resources often lead to inadequately supported road slopes, particularly on rural roads. The resulting steep, bare slopes are highly susceptible to disasters, especially under rainfall conditions. To address these issues, the government must regularly inspect and maintain road engineering slopes, improve drainage systems to mitigate the effects of rainfall infiltration, and ensure that slopes remain stable. Additionally, it is crucial to enhance slope monitoring through routine inspections, remote sensing, InSAR, and other technical methods to detect instability signs such as cracks and soil deformation, ensuring effective evacuation of residents before a landslide occurs.
5 CONCLUSION

(1) Seven different pretreatment methods were applied to soil samples, and particle size was measured using Mastersizer 2000. Comparison of the frequency distribution curves and parameters, such as median and mean particle size, sorting coefficient, skewness, and kurtosis, revealed that both ultrasonic cleaning and (NaPO3)6 effectively dispersed the particles, with the ultrasonic cleaning demonstrating a more pronounced effect. The use of HCl and the acid removal process led to a reduction in clay content, an increase in silt, and a coarsening of the particle size. In contrast, H2O2 had a negligible impact on the results for sliding-zone soil with low organic matter. Based on this comprehensive analysis, pretreatment method C is recommended for more accurate subsequent analysis.
(2) The median and mean particle sizes of the sliding-zone soils were notably smaller compared to those of the undisturbed subsoils, with the former containing a higher proportion of clay particles. Mechanically, the sliding-zone soils generally exhibited higher shear strength and significantly greater cohesion than the undisturbed subsoils. However, the internal friction angle was lower in the sliding-zone soils compared to the undisturbed subsoils. The variations in particle sizes, shear strength, and other indicators, along with observations from the site investigation, reveal that the landslide masses underwent multiple stages of misalignment and sliding before reaching full destabilization.
(3) The driving load and excavation of the village road construction form the foundation of the landslide. Heavy rainfall acts as the triggering factor for slope instability, while the internal causes include mineral lubrication and excess pore water pressure from perched groundwater within the clay-rich sliding zone. The particle size tests, mineral composition analysis, and mechanical strength tests provide essential data on the characteristics and formation-evolution process of the sliding zone. This information supports a deeper understanding of landslide mechanisms and offers new insights into similar mountain slope instability issues related to sliding-zone soil.
(4) To mitigate these risks, it is crucial to enhance the protection of road engineering slopes and improve drainage systems. Regular inspection and maintenance of road slopes in mountainous basins are necessary to maintain slope stability. Additionally, strengthening slope deformation monitoring is essential to ensure timely and effective evacuation of residents before landslides occur.
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