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Introduction: The engineering geological characteristics of Yunnan’s lateritic soil are quite unique, making it prone to shallow group landslides under rainfall conditions. This study focused on an old lateritic soil landslide as a case study.Methods: Soil column ponding infiltration experiment was conducted to investigate the infiltration behavior of the lateritic soil. Numerical simulation software was employed to analyze the rainfall-induced seepage characteristics of the landslide, and a comprehensive assessment of the failure mechanisms of the lateritic soil landslide was conducted.Results: The study findings are as follows: (1) During water infiltration, the infiltration time curve of the lateritic soil column showed a parabolic growth trend. The migration rate of the wetting front rapidly decreased from 0.15 to 0.2 cm/min to 0.1 cm/min and then stabilized at approximately 0.04 cm/min. (2) Long-term heavy rainfall is the condition for the formation of this old lateritic soil landslide. By coupling the seepage process, the stability coefficient of the lateritic soil slope was calculated, revealing that the instability rainfall threshold of the slope under prolonged rainfall conditions is generally 120 mm/d. (3) The main changes in the seepage field occurred in the shallow soil layer. In the later stages of rainfall, the infiltration rate of the slope was controlled by the permeability coefficient of the lateritic soil. As the rainfall intensity increased, the depth of rainfall impact increased, and the pore water pressure in the shallow soil layer tended to gradually increase and then stabilize under different rainfall intensities. (4) Under long-term rainfall conditions, the volumetric water content of the soil at the toe of the lateritic soil slope first peaked. After the rainfall ended, moisture in the slope continued to migrate to the toe, keeping the soil at the toe in a saturated state. (5) The formation and evolution of this lateritic soil landslide could be divided into five stages: initial natural stage, rainfall infiltration-crack expansion, shallow creep-progressive collapse of the front edge, sliding surface penetration-overall instability, and landslide braking accumulation.Conclusion: The research results provide significant theoretical guidance and practical implications for understanding the causes and prevention of lateritic soil landslides in similar areas.Keywords: lateritic soil, landslide, rainfall infiltration, instability threshold, failure evolution
INTRODUCTION
Lateritic soil is residual soil formed from iron-bearing parent rock through lateritization in a hot and humid climate and is widely distributed in the southwestern region of China (Fu et al., 1997; Chantruthai et al., 2017; Sani and Eisazadeh, 2023). The surface layer of lateritic soil on slopes is relatively dry, loose, and of low strength, making it susceptible to water erosion. The deeper the soil is, the greater the strength and density. The instability of slopes composed of lateritic soil is closely related to rainfall.
Under natural conditions, slopes are generally in an unsaturated state, and rainfall is the most significant external dynamic factor affecting slope stability. Rainwater infiltration can lead to changes in internal stress within slopes, potentially causing slope instability (Fourie et al., 1999; Ye et al., 2015; Froude and Petley, 2018; Tao et al., 2024). Researchers have conducted extensive studies on the seepage characteristics and stability variations of unsaturated soil slopes under rainfall conditions via physical model experiments (Chen, 2014; Song et al., 2021; Lu et al., 2023) and numerical simulation methods (Zeng et al., 2017; Wang et al., 2019; Yuan et al., 2020; Xu et al., 2022; Li et al., 2021).
For example, Zhou et al. (2023) conducted an analysis via Geo-studio software to study the characteristics of pore water pressure variation within unsaturated soil slopes and the impact of different rainfall conditions on slope stability. Tran et al. (2018) developed a slope model based on instantaneous rainfall infiltration to analyze the dynamic changes in the seepage field within a slope and the corresponding stability variations. Cheng et al. (2024) proposed a rigorous limit equilibrium method and, using SEEP/W software in conjunction with this method, investigated the effects of rainfall intensity, rainfall pattern, and duration on soil slope stability. Bai et al. (2023) conducted a field rainfall experiment on a natural double-layer loess slope, combined with finite element software simulations to analyze the rainfall infiltration characteristics of the slope and the infiltration effects at the soil layer interface. The results indicated that as the rainfall intensity increased, the infiltration effects at the interface became more pronounced.
When the rainfall volume and intensity exceed critical thresholds, geological hazards may occur in clusters (Sun et al., 2022). Many researchers have proposed reasonable rainfall thresholds for triggering landslide instability by considering various influencing factors on the basis of hydrological and landslide stability models (Liu et al., 2023; Gong et al., 2024; Bhavithra et al., 2024; Sun et al., 2024). Both short-term intense rainfall and long-term continuous rainfall can potentially lead to slope instability (Fu et al., 2012; Shi et al., 2016; Ma et al., 2021; Hou et al., 2021). Cui et al. (2007) utilized numerical methods to investigate the failure process of a highway slope under prolonged continuous rainfall conditions. The results indicated that the loss of soil suction caused by rainfall was the primary factor leading to slope failure. Zheng et al. (2016) developed a finite element model for gravel soil slopes to analyze the seepage process and stability under prolonged heavy rainfall. Li et al. (2023b) conducted physical model experiments and numerical simulations on layered soil slopes under heavy rainfall. The results showed that infiltration under heavy rainfall primarily occurred in the shallow layers of the slope. The rainfall increased pore water pressure, thereby weakening the shear strength of the soil. Liu et al. (2012) analyzed the changes in soil moisture content and shear strength during the infiltration process under continuous low-intensity rainfall. Using FLAC3D, they studied the dynamic changes in the slope safety factor. The results indicated that during continuous low-intensity rainfall, the critical sliding surface of the slope had not yet become saturated.
In summary, considerable research has been conducted on the rainfall infiltration process and slope stability of unsaturated soils, with most studies focusing on the effects of rainfall intensity and duration on the stability of unsaturated slopes. However, lateritic soils, which exhibit high shrinkage and unique engineering geological characteristics, have been less studied in terms of their seepage properties and slope stability. To address this gap, this study focused on an old lateritic landslide in Yunnan Province. On the basis of field investigations, laboratory tests, and an analysis of local rainfall characteristics, the rainfall-induced seepage behavior and instability thresholds of the lateritic slope were examined. The findings provide valuable theoretical insights and practical implications for understanding the causes of lateritic landslides and mitigating geological hazards in similar regions.
GEOLOGICAL CHARACTERISTICS OF THE LANDSLIDE
The lateritic soil landslide in the study area is an old landslide with a long, tongue-shaped platform and a main sliding direction of 94°. The landslide site is located on the eastern side of the central Hengduan Mountains and the northern edge of the Yunnan Plateau, with geographic coordinates of N26°11′15.45″, E101°57′38.23″. The landslide is 480–500 m long and approximately 200–400 m wide, with a height difference of 117–120 m between the leading and rear edges. The landslide boundaries are distinct, with a steep, chair-shaped landslide back wall at the rear edge, approximately 32 m in height. After slope instability, a pull-down trench formed at the rear of the slope and was filled with gravel soil. The boundaries on both sides are steep, nearly vertical walls (Figure 1).
[image: Figure 1]FIGURE 1 | Landslide overview (A). Overall view of the landslide; (B). Rear edge of the landslide; (C). Front edge of the landslide).
During its formation, the landslide developed multiple terraces. The quartz albite schist is exposed at the front edge. Currently, most landslide masses have been converted into agricultural land by local residents. According to field geological investigations, the slope is steeper in the middle and front sections, whereas the middle to rear sections form a terrace. The steep front and gentle rear topography provided favorable conditions for landslide development. The gentle slope has an open surface, which prolongs surface water retention, facilitating rainfall infiltration. A stream runs along the front edge of the slope, with a significant increase in flow during the rainy season. Continuous scouring and erosion of the opposite bank weaken the soil strength at the front, causing the front soil to become unstable and be carried away by the water flow. This process continuously pulls the rear soil, ultimately leading to the formation of the landslide. The longitudinal profile of the main sliding direction is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The main sliding direction profile of the landslide.
ONE-DIMENSIONAL SOIL COLUMN INFILTRATION TEST
Test equipment and sensor installation
The soil samples used in the soil column experiment were collected from the middle front and the left side of the landslide body, where vegetation cover is sparse. Disturbed soil samples were obtained by first using shovels and picks to remove approximately 10 cm of the surface layer, which had been significantly influenced by external factors. Large boulders with excessive particle sizes were discarded during the process. A sampling pit with a depth of 50 cm was then excavated for sample collection.
The one-dimensional soil column infiltration test equipment consists primarily of a cylindrical tube containing the lateritic soil sample, a data acquisition system, sensors, a water supply device, and imaging equipment. The cylindrical tube is made of acrylic material, with a height of 100 cm and inner and outer diameters of 25 cm and 27 cm, respectively. The top of the tube was opened, and the bottom was sealed, with a 2 cm diameter drainage outlet near the base. Six volumetric water content sensors and three matric suction sensors were embedded in the soil column at different depths from top to bottom (Figure 3). The water supply device consists of a medical-grade infusion bottle and drip line, with the flow rate controlled by adjusting the air pressure. A water pump was used to quickly fill the space above the soil sample to a water head height of 10 cm for a constant head ponded infiltration test. During the infiltration process, a sufficient water supply was maintained to ensure a stable water head.
[image: Figure 3]FIGURE 3 | Soil column test equipment.
Analysis of test results
The data collected by the sensors were used to plot the variation curves of the volumetric water content of the lateritic soil over time and depth (Figures 4, 5). As shown in the figures, the initial volumetric water content at different depths varied slightly, ranging between 10% and 15%. As rainfall slowly infiltrated, the sensors responded sequentially, with the volumetric water content first increasing sharply and then rising more gradually until stabilizing. The changes in water content were more pronounced in the shallow soil than in the deeper soil. Once the soil above the wetting front became saturated, water movement was no longer driven by the matric potential, resulting in a decrease in the infiltration rate. As the wetting front moved downward, the moisture at the leading edge was not replenished in time. The rate of increase in the volumetric water content recorded by each sensor gradually decreased with increasing sensor burial depth.
[image: Figure 4]FIGURE 4 | Time‒variation curve of the volumetric water content.
[image: Figure 5]FIGURE 5 | Depth‒variation curve of the volumetric water content.
Figure 6 shows the time series curve of matric suction in the lateritic soil. In the initial state, the soil was dry, and the initial matric suction at the sensor locations was close to 700 kPa, representing the maximum value. The response pattern of matric suction was opposite to that of the volumetric water content. As the soil gradually saturated with water infiltration, the matric suction decreased sharply as water passed through the sensors, decreasing to a minimum value of approximately 10 kPa within a short period. The matric suction subsequently remained unchanged despite further water infiltration.
[image: Figure 6]FIGURE 6 | Time‒variation curve of matric suction.
Figure 7 presents the time series curves of the wetting front migration depth and migration velocity in the lateritic soil. The migration depth curve shows a parabolic growth trend, with the infiltration depth decreasing gradually over time at the same infiltration duration. The distance advanced by the wetting front per unit time represents the migration velocity of the wetting front. In the early stage of infiltration, the wetting front migration velocity decreased significantly, dropping rapidly from the initial maximum rate to less than 0.1 cm min−1. As infiltration continued, the rate stabilized, approaching approximately 0.04 cm min−1.
[image: Figure 7]FIGURE 7 | Time-varying curves of wetting front migration depth and migration velocity.
NUMERICAL ANALYSIS OF THE SEEPAGE FIELDS
Model establishment and selection of calculation conditions
Some undisturbed lateritic soils were taken for basic physical and mechanical tests in the laboratory to obtain the necessary calculation parameters for the simulation (Table 1).
TABLE 1 | Calculation parameters.
[image: Table 1]A seepage calculation model was established via Geo-studio software on the basis of the geological section along the main sliding direction of the lateritic soil landslide. The model assumed an impermeable boundary at the base with a constant head of 1950 m on the left side and 1878 m on the right side. The slope surface was defined as a unit flux boundary to simulate rainfall infiltration, allowing for the subsequent design of rainfall intensity scenarios. Eight monitoring points were selected along the slope surface from top to bottom, and two characteristic profiles, 1–1′ and 2–2′, were chosen (Figure 8) to analyze changes during the seepage process. Considering the presence of favorable fracture pathways for rainfall infiltration in the actual slope, the permeability coefficient of the intact lateritic soil in the study area was increased by an order of magnitude to define the effective permeability coefficient of the red soil (Zhang, 2015). The soil‒water characteristic curve was obtained via built-in sample functions within the software, and the experimental saturated permeability coefficient of the lateritic soil was fitted to the Fredlund and Xing model to derive the permeability coefficient function (Yu et al., 2017).
[image: Figure 8]FIGURE 8 | Layout of the model monitoring points and characteristic profiles.
Calculation conditions
On the basis of the rainfall conditions in the study area, daily rainfall amounts of 24.9, 49.9, 99.9, and 249.9 mm were selected for subsequent analysis of the seepage characteristics of the lateritic soil slope. The rainfall duration was set to 2 days, followed by an 8-day rainless period. The calculation scenarios and load combinations are presented in Table 2.
TABLE 2 | Table of calculation conditions and load combinations.
[image: Table 2]Infiltration characteristics analysis
The process of rainfall infiltration caused the soil to transition from an unsaturated state to a saturated state. During this process, changes in the soil pore water pressure, moisture content, and matric suction occurred, which in turn affected the stability of the lateritic soil slope.
As shown in the time series curves of the pore water pressure on the slope surface (Figure 9), the monitoring points in the upper part of the slope were farther from the groundwater table, resulting in greater initial negative pore water pressure values. Conversely, the initial negative pore water pressure values at the slope toe were relatively low. As rainfall progressed, the upper slope experienced the greatest variation in pore water pressure, ranging from −467 kPa to −30 kPa. With increasing rainfall intensity, the time required for each monitoring point to reach the peak pore water pressure decreased, and the rate of increase was greater in the upper slope than in the lower slope. The saturated permeability coefficient of the lateritic soil was lower than the rainfall intensity, meaning that the infiltration rate at later stages of rainfall was controlled by the permeability coefficient of the lateritic soil. After 2 days of rainfall at different intensities, the soil at the slope toe reached saturation, whereas the soil in the middle and upper parts of the slope remained in a nearly saturated state.
[image: Figure 9]FIGURE 9 | Time-variation curves of pore water pressure at slope monitoring points under different rainfall intensities. (A) 24.9 mm/d. (B) 249.9 mm/d.
The spatial variation curves of pore water pressure under different rainfall intensities (Figures 10, 11) reveal that the primary changes in the seepage field during the entire rainfall process occurred in the shallow soil layers. A significant amount of rainfall infiltrated the slope surface, but owing to the fine particles and low permeability of the lateritic soil, the water could not migrate to deeper layers, resulting in a greater variation in pore water pressure in the shallow layers. As the rainfall intensity increased, the depth of influence also increased. In the upper part of the slope, the depth of influence was approximately 9–2 m, with little to no change in pore water pressure at greater depths as the rainfall intensity increased. In the lower part of the slope, the depth of influence was approximately 8–11 m, and deeper soil layers exhibited some fluctuations in pore water pressure with increasing rainfall intensity.
[image: Figure 10]FIGURE 10 | Elevation-variation curves of pore water pressure for different profiles under 24.9 mm/d rainfall intensity. (A) 1–1’. (B) 2–2’.
[image: Figure 11]FIGURE 11 | Elevation-variation curves of pore water pressure for different profiles under 249.9 mm/d rainfall intensity. (A) 1–1’. (B) 2–2’.
The pore water pressure variation trends at each monitoring point during the rainfall infiltration process were generally similar. Initially, the shallow soil layers in the slope gradually became saturated due to the influence of the rainfall infiltration rate. However, in the later stages, the low permeability coefficient of the lateritic soil impeded further infiltration, causing most of the rainfall to accumulate as surface runoff and discharge at the slope toe. After the rainfall ended, the low permeability of the lateritic soil resulted in very slow water drainage, causing the pore water pressure at various points on the slope surface to remain near their peak values for an extended period, requiring a long time to return to the initial state.
As rainfall infiltrated from the shallow to deeper parts of the slope, the unsaturated zone gradually transitioned to a saturated zone. The pore water pressure variation was more significant in the middle and upper parts of the slope than in the lower part, whereas the deeper soil layers were less affected by rainfall, with minimal changes in pore pressure. Throughout the entire rainfall event, the saturation zone within the slope was confined to the shallow soil layers, where the matric suction decreased, leading to a reduction in soil strength. Stability calculations for the lateritic soil slope under different rainfall intensities indicate that, even after 2 days of rainfall, the landslide remained relatively stable. For the maximum rainfall intensity of 249.9 mm/d, the calculated stability factor of the landslide was 1.213.
SLOPE INSTABILITY THRESHOLD STUDY
Calculation scheme
The intensity and duration of rainfall are key factors determining whether instability occurs. To study the rainfall threshold for laterite slope instability, the rainfall intensity was gradually increased beyond the original level, without considering evaporation, to explore the stability of the laterite slope. Two calculation scenarios were designed: (1) Instability threshold under short-term heavy rainfall: the rainfall intensities were set at 400, 500, 600, 700, and 750 mm/d, with a rainfall duration of 2 days; (2) Instability threshold under long-term rainfall: the rainfall intensities were set at 50 mm/d for heavy rain, 100 mm/d for very heavy rain, and 120 mm/d for very heavy rain. Extensive data collection and surveys revealed that before the occurrence of large-scale landslides in Huili, Sichuan, the rainfall duration was often approximately 1 week. Therefore, in this study, the rainfall duration was set at 5 days to analyze the slope instability threshold under long-term rainfall.
Using the determined rainfall intensities, the stability coefficient of the lateritic soil slope was calculated via the Morgenstern‒Price method in the SLOPE/W module. The local stability coefficients of the slope under rainfall intensities of 400, 500, 600, 700, and 750 mm/d were 1.188, 1.171, 1.088, 1.062, and 1.057, respectively.
Typically, when the slope stability factor falls below 1.05, deformation is likely to occur. Under a rainfall intensity of 750 mm/d, the slope stability factor approaches 1.05, indicating that this intensity is the threshold for instability under short-term intense rainfall conditions. However, an analysis of rainfall data from 1956 to 2022 revealed that the maximum single-day rainfall in the area over the past 66 years was 298.96 mm, indicating that it is unlikely that rainfall will reach the instability threshold under short-term intense rainfall conditions. Therefore, the lateritic soil landslide was not easily triggered by short-term intense rainfall, and subsequent analyses focused solely on seepage characteristics under long-term rainfall conditions.
Analysis of seepage characteristics under long-term rainfall conditions
Under rainfall intensities of 50, 100, and 120 mm/d, after 5 days of continuous rainfall followed by cessation, Figure 12 shows the variation curves of the volumetric water content at the slope surface monitoring points over time under rainfall intensities of 50 and 120 mm/d.
[image: Figure 12]FIGURE 12 | Time‒variation curves of the volumetric water content at the slope monitoring points under the different rainfall intensities. (A) 50 mm/d. (B) 120 mm/d.
As shown in the figure, the volumetric water content at each monitoring point on the slope surface gradually increased with the continuation of rainfall, with the soil at the toe and crest of the slope reaching peak values first and the soil at the toe becoming saturated first. As the rainfall intensity increased, the rate of increase in the volumetric water content at each monitoring point accelerated. Overall, the rate of increase was as follows: upper slope > middle slope > lower slope. The time required for the monitoring points on the upper slope to reach peak values was significantly shorter, and after reaching the peak, the values stabilized. By the fifth day of rainfall, most monitoring points had reached peak values. Under a rainfall intensity of 120 mm/d, the soil at monitoring points 6# and 7# also approached saturation, indicating a significant rise in the groundwater level. After the rainfall ceased, moisture within the slope continued to migrate toward the toe, with the volumetric water content at the middle and upper monitoring points decreasing at the fastest rate. The water table retreated, with the volumetric water content at the monitoring point near the slope toe (7#) initially dropping sharply before stabilizing, while the soil at the toe remained saturated. Overall, even long time after the cessation of rainfall, the volumetric water content of the slope did not return to its initial state.
Figure 13 shows the variation in volumetric water content with elevation at the 2–2’ profile near the slope toe under the two rainfall intensities of 50 and 120 mm/d. The figure indicates that the soil below the groundwater level was in a saturated state, whereas the range of volumetric water content variations in the shallow soil increased progressively with increasing rainfall intensity. The closer the soil was to the slope surface, the sooner it reached saturation. After the rainfall ended, the deeper the soil was, the slower the decrease in volumetric water content was.
[image: Figure 13]FIGURE 13 | Elevation‒variation curves of the volumetric water content for profile 2–2’ under the different rainfall intensities. (A) 50 mm/d. (B) 120 mm/d.
A comparative analysis revealed that the slope toe was a vulnerable area. The greater the rainfall intensity was, the more water migrated toward the slope toe, continuously infiltrating and eroding the soil at the toe. This process gradually deteriorated the mechanical properties of the soil, leading to a reduction in its strength and, consequently, a decrease in slope stability.
Rainfall threshold analysis
The local stability characteristics of the lateritic soil slope under long-term rainfall conditions were as follows: In a continuous 5-day rainfall environment, the stability coefficient was 1.210 when the rainfall intensity was 50 mm/day, 1.171 when the rainfall intensity was 100 mm/day, and 1.049 when the rainfall intensity was 120 mm/day. When the rainfall intensity was 120 mm/day and it rained continuously for 5 days, the local stability of the lateritic soil slope approached 1.05. This rainfall intensity can be regarded as the threshold for slope instability under prolonged rainfall conditions. The curve of the stability coefficient of the lateritic soil slope over time under a rainfall intensity of 120 mm/day is shown in Figure 14.
[image: Figure 14]FIGURE 14 | Time‒variation curves of the slope stability coefficient under a 120 mm/d rainfall intensity.
The study area experiences an average of 127 rainy days per year, with a maximum of 192 days. Rain occurs in almost one-third of the year, and in the wettest years, rain can occur up to half of the year. However, owing to the lack of detailed rainfall data, continuous rainfall for 5 days or more is possible in years with a high number of rainy days. Additionally, a continuous rainfall intensity exceeding 100 mm/day and even surpassing 120 mm/day can occur. On the basis of the analysis of a large amount of landslide data and investigations, large-scale landslides in the study area tend to form after approximately 5 days of heavy rainfall. Under long-term rainfall conditions, the instability threshold of slopes is approximately 120 mm/day.
Comprehensive analysis of slope instability and failure
The slope where the lateritic soil landslide occurs possesses both internal and external factors favorable for landslide occurrence. Rainfall and water erosion weaken the strength of the soil at the slope front edge, causing destabilization and removal of the front soil by water flow. This process continually pulled down the lateritic soil, ultimately leading to the formation of the landslide. On the basis of actual geological field investigations, combined with indoor physical and mechanical tests, rainfall infiltration tests, and slope seepage simulations, the formation process of this landslide can be divided into five stages, as shown in Figure 15.
(1) Initial natural stage (Figure 15A): In this stage, the soil in the shallow range of the lateritic soil slope was in full contact with the air and underwent intense physical and chemical weathering. The soil exhibited reddish-brown and yellow-brown hues, with the surface layer being relatively loose under natural conditions. Randomly developed cracks of varying degrees are present within the soil.
(2) Rainfall infiltration and crack expansion stage (Figure 15B): The front part of the slope was steeper, while the middle and rear sections formed a platform. The continuous scouring of the front edge by flowing water led to further steepening of the slope, improving free-face conditions. After long-term rainfall, the slope exhibited a tendency for downward creeping, and tensile cracks gradually develop in the middle and rear sections. Rainwater infiltrated through these preferentially developed cracks, softening the soil around the cracks and reducing its shear strength. Additionally, the flowing water exerted hydrodynamic pressure on the cracks, causing further crack propagation under prolonged rainfall.
(3) Intensified shallow sreep and progressive collapse of the front slope (Figure 15C): Under continued rainfall, the expansion of shallow cracks accelerated water infiltration, altering the slope’s seepage field and facilitating water migration to the middle and lower parts of the slope. The shallow slope body experienced increased creep movement. Crack propagation in the rear section formed the rear boundary of the potential landslide, and a sliding surface gradually developed. Due to the low permeability of the lateritic soil, rainwater accumulated and flowed toward the slope toe. Combined with fluvial scouring and erosion, this caused a reduction in the shear strength of the local soil at the slope’s front, leading to progressive collapse in localized areas.
(4) Sliding surface penetration and overall instability stage (Figure 15D): The local collapse of the front slope enhanced free-face conditions, further exacerbating the pulling effect on the rear slope. The landslide involved a larger planar area, located in a surface water collection and runoff zone. With continued rainwater infiltration, the slope undergone progressive downslope creep, and the cracks along the lateral boundaries and the potential sliding surface gradually connected, resulting in overall slope failure. Portions of the front slope’s material accumulate at the base.
(5) Landslide braking and accumulation stage (Figure 15E): During the landslide, the different sliding speeds of the upper and lower sections formed landslide terraces in the upper part. The sliding mass overcame sliding resistance, dissipated kinetic energy, and the front sliding mass spread and accumulated to the sides. The overall sliding distance was short, and the sliding speed gradually decreased to zero. The landslide gradually stabilized, eventually forming the current lateritic soil landslide.
[image: Figure 15]FIGURE 15 | Formation stages of the lateritic soil landslide. (A) Initial natural stage. (B) Rainfall infiltration-crack propagation stage. (C) Intensified Shallow creep-front progressive collapse stage. (D) Sliding surface penetration-overall instability stage. (E) Landslide braking accumulation stage.
DISCUSSION
This study analyzed the seepage characteristics and stability changes of the lateritic landslide under rainfall conditions. Based on existing rainfall data, two simplified uniform rainfall patterns were considered: short-term intense rainfall and long-term rainfall. In reality, rainfall data vary continuously over time and space, making accurate measurement difficult. Therefore, variations in rainfall are often neglected in slope stability analyses (Ruette et al., 2014). Most previous studies have focused on the effects of rainfall intensity and duration on the stability of unsaturated slopes (Jeong et al., 2017; Liu et al., 2023). However, rainfall in a given region is not always uniform, and various combinations of rainfall patterns can occur. Different rainfall patterns can alter the boundary conditions of slopes and influence water movement within the slope, particularly with prolonged rainfall, which allows for buffering time during the infiltration process, leading to a continuous decrease in matric suction within the slope (Tsai and Wang, 2011). Ma et al. (2024) investigated the impact of rainfall patterns on the stability of loess slopes and found that using a uniform rainfall pattern for slope stability analysis tends to yield conservative results. Additionally, they validated their findings with rainfall and landslide data from similar regions (Luo et al., 2023; Wang et al., 2022; Shao et al., 2023; Zhuang et al., 2018), indicating that landslide instability often occurs during continuous rainfall or when heavy rain follows preceding rainfall events. The conclusion that the old lateritic landslide in the study area resulted from long-term rainfall aligns with these findings.
Moreover, during the numerical analysis using Geo-studio software, the soil is assumed to be homogeneous, with constant values for soil parameters. The determination of these parameters is subject to uncertainties and requires parameter inversion to obtain final values. Due to variations in geological processes and changing climatic conditions, the pore structure of natural soils exhibits temporal and spatial variability, leading to uncertainties in soil hydraulic parameters, which may reduce the overall stability of slopes. Li et al. (2023a) highlighted that soil heterogeneity can influence the infiltration process within soil slopes, as well as the post-rainfall stability and failure timing of the slopes. In the study area, cracks and vertical joints were observed in certain regions of the lateritic soil (Figure 16), similar to those found in loess (Zhao et al., 2020; Feng et al., 2020). These features can form preferential pathways for water infiltration. During the infiltration process, the uneven distribution of water can result in heterogeneity in infiltration rates, matric suction, and pore water pressure changes. Figure 17 illustrates the concept of water infiltration in slopes with preferential pathways and spatial variability of soil properties.
[image: Figure 16]FIGURE 16 | Spatial variability characteristics of the lateritic soil in the study area (A). Vertical cracks on the back wall; (B, C). Crack at the rear edge; (D, E) vertical cracks in the side wall; (F) tensile crack in the side wall).
[image: Figure 17]FIGURE 17 | Schematic diagram of preferential flow pathways (modified from Ma et al., 2024).
CONCLUSION
Taking a lateritic soil landslide in Yunnan Province as the research object, the slope seepage characteristics were analyzed through seepage and stability coupling. Two schemes, short-term heavy rainfall and prolonged rainfall, were designed to analyze the instability threshold of the slope, leading to the following conclusions:
(1) During water infiltration, the infiltration time curve of the lateritic soil column shows a parabolic growth trend. The migration rate of the wetting front rapidly decreased from 0.15 to 0.2 cm/min to 0.1 cm/min and then stabilized at approximately 0.04 cm/min.
(2) Long-term rainfall is the inducing condition for the formation of this lateritic soil landslide. Considering the changes in the stability of the lateritic soil slope under different rainfall conditions, the instability threshold of the slope under 5 days of prolonged rainfall is approximately 120 mm/day.
(3) Due to the low permeability of lateritic soil, the main changes in the seepage field during rainfall occurred in the shallow soil layer. In the later stages of rainfall, the infiltration rate of the slope was controlled by the permeability coefficient of the lateritic soil. As the rainfall intensity increased, the depth of rainfall impact increased, and the pore water pressure in the shallow soil layer tended to gradually increase and then stabilize under different rainfall intensities.
(4) Under long-term rainfall conditions, the volumetric water content of the soil at the toe of the lateritic soil slope first peaked. After the rainfall ends, the moisture in the slope continues to migrate to the toe, keeping the soil at the toe in a saturated state.
(5) Comprehensive analysis divided the formation process of this lateritic soil landslide into five stages: initial natural stage, rainfall infiltration-crack expansion, shallow creep-progressive collapse of the front edge, sliding surface penetration-overall instability, and landslide braking and accumulation.
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