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In this study, we investigate the stability of soft rock slopes with weak interlayers under rainfall through indoor model tests and numerical simulations, focusing on a slope in northeast China. Weak interlayers, characterized by low thickness and mechanical strength compared to adjacent rock masses, are prone to water-induced softening, threatening slope stability. Key findings reveal the following: 1) rainfall triggers sliding along weak interlayers, accumulating debris at slope toes. Prolonged infiltration reduces rock–soil friction, potentially extending failure zones through slightly weathered tuff; 2) Non-rainfall scenarios induce slope failures primarily at crests and shoulders, whereas rainfall shifts the maximum displacement to the slope feet; 3) Expanding plastic zones under intensified rainfall indicate progressive instability development toward deeper slope surfaces. The results demonstrate rainfall’s critical role in altering failure mechanisms and depth, providing insights for risk mitigation in geotechnical projects involving weak interlayers.
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1 INTRODUCTION
Slope refers to an engineered slope with a certain degree of inclination formed by excavation or other human activities. Landslide refers to the soil or rock mass sliding on the slope. Under the influence of factors such as river erosion, groundwater activity, rainwater immersion, earthquake, and artificial slope cutting, the natural phenomenon of soil or rock mass sliding down the slope along a certain weak surface or weak zone is one of the common geological disasters and a form of slope deformation and failure (Shao et al., 2023a). The inducing factors of landslide mainly include rainfall, ground motion, and human engineering activities (Oh and Vanapalli, 2010). Rainfall is one of the most common inducing factors of slope instability and failure. When there is a weak interlayer in the slope, rainfall will lead to a decrease in the shear strength of the weak interlayer in the slope and a decrease in the overall anti-sliding force of the slope (Jacques, 2007). When rainwater infiltrates into the slope, it will lead to an increase of the weight of the slope rock mass, an increase of the sliding force of the slope, and a decrease of the stability. Therefore, the slope will likely slide along the weak interlayer.
A weak interlayer is a kind of layered or banded weak structural layer with smaller thickness and mechanical properties than the adjacent rock mass. Its mechanical properties are easily affected by water. When rainfall infiltrates or groundwater level rises, the weak interlayer absorbs water and causes its own water content to rise rapidly. Its shear strength will decrease rapidly, and the slope is easy to slide along the weak interlayer (Hsuan, 2015). It can be seen that the weak interlayer exists in the slope as a special structure because of its thickness and mechanical properties. The stability of the slope is greatly reduced due to the existence of the weak interlayer. At the same time, the existence of the weak interlayer also affects the sliding mode of the slope. Therefore, in the analysis of slope stability, the important influence of weak interlayers on slopes cannot be ignored.
Sun et al. (2022a) proposed a method to evaluate the stability of slopes with multiple regular interlayers. The energy coefficient obtained by the mobile displacement method is used as the evaluation index of slope stability, and the feasibility of the standard is verified. Wang et al. (2020) studied the law of suction and deformation of slopes under rainfall conditions by the centrifugal model test of cohesive soil slope with weak interlayers and analyzed the influence of the existence of weak interlayers on the overall stability of slope. Based on the orthogonal design method, Zhou et al. (2022) analyzed the stability of rock slopes with weak interlayers and concluded that the dip angle and internal friction of the weak interlayer in the rock slope are the most sensitive influencing factors. Shuai et al. (2025) believed that the anti-dip of the weak interlayer has a certain influence on the stability of the slope, and through the real-time deformation monitoring of an anti-dip slope with a weak interlayer, it was proposed that the anti-dip weak interlayer poses a certain threat to the overall deformation of the slope. Zhong and Miao (2021) used similar tests to carry out large-scale shaking table tests on slopes with horizontal weak interlayers of different thicknesses. It was concluded that the thin interlayer slope is destroyed before the thick interlayer slope, and the scale and degree of damage are greater.
Xie et al. (2023) calculated the stability coefficient of basalt slopes with weak interlayers (tuff) under rainfall conditions using the Mohr–Prince method in the Geo-Slope software application. Qu et al. (2024) established a numerical model using the GeoStudio software and combined the fluid–solid coupling principle to study the variation law of the safety factor of the slope under different rainfall intensities with and without considering the fluid–solid coupling effect. The results showed that the safety factor of the slope was positively correlated with the rainfall intensity within a certain rainfall duration; when the fluid–solid coupling effect was considered, the safety factor first decreased and then tended to be stable, whereas when it was not considered, the safety factor first decreased and then increased, but it was always greater than the former. Based on a large number of actual engineering projects, Zhang et al. (2012) discussed the variation law of the safety factor and the location of the failure surface of layered rock slopes under different rock layer dip angles, slope angles, and structural plane spacing conditions, based on the Sarma limit equilibrium method and the finite element strength reduction method, revealing the failure mechanism and stability characteristics of complex multilayered weak interlayer rock slopes. Liu and Zhou (2002) focused on the problem of rainfall infiltration and used the updated Abaqus software application combined with field tests to simulate the situation where the infiltration rate can change during rainfall infiltration. Zeng et al. (2017) established a finite element numerical model using GeoStudio software and used the SEEP/W and SLOPE/W modules to study the variation law of the transient seepage field and the safety factor of the slope under different rainfall intensities. Based on the Green-Ampt model, Sun Yiqing et al. (2022b) established the LSGA model that simultaneously considered the seepage in the saturated layer and the water content distribution characteristics in the wetting layer and established the calculation expression of the safety factor of the slope under this model. Based on the existing relevant theories, Zeng et al. (2017) sorted and analyzed to master the solution method of the safety factor of multilayered soil slopes under the influence of rainfall, and applied it to the calculation of the safety factor of the slope under different rainfall conditions. The results showed that the safety factor of the slope was negatively correlated with the rainfall infiltration depth under the same rainfall conditions: when the infiltration depth reached the contact surface between the saturated zone and the unsaturated zone, the stability of the slope suddenly decreased. Gengqian et al. (2024) self-programmed a MATLAB program to analyze the influence of four different rainfall patterns on slope stability. The results revealed that different rainfall characteristics had different time-related effects on slope stability. Shao et al. (2023b) modified the Green-Ampt infiltration model and analyzed the evolution characteristics of the depth of the wetting front and the volumetric water content of the slope under different rainfall durations. At the same time, they considered the combined influence of soil matrix suction, permeability coefficient, and initial surface tension on the stability of the slope. Rakshanda et al. (2022) considered that the strength of soft rock would gradually decrease due to the softening effect during the process of rainfall infiltration and conducted numerical research on slope stability using the idea of indirect coupling. Based on the generalized limit equilibrium method, Young-Suk and Hyo-Sung (2023) studied the stability of three-layer nonuniform slopes under different rainfall conditions and evaluated the influence of different rainfall periods and rainfall intensities on the pore water pressure, safety factor, and volumetric water content of the slope.
In summary, although the above scholars have studied the influence of slope deformation and the occurrence characteristics of weak interlayers on slope stability under rainfall infiltration conditions from field tests, physical model tests, and numerical simulation methods, the material composition and mechanical properties of inclusions in the weak interlayer and the thickness of the interlayer still need to be studied further and a physical model should be constructed for detailed analysis. Some scholars use various numerical simulation software or programs, such as FLAC3D, self-made MATLAB program, and GeoStudio and Abaqus software applications, to analyze and comprehensively study the stability of the slope with weak interlayers under rainfall. However, how to reveal the failure process of a weak interlayer rock slope under rainfall conditions according to different internal failure positions, stress fields, and displacement fields needs to be further explored. Therefore, according to the general situation of the example slope engineering, in this paper, we use the indoor model test device of rainfall landslide, combine the GeoStudio numerical simulation to carry out the numerical test of landslide with different factors, and reveal the influence of various factors on the stability of rock slopes with weak interlayers.
2 CALCULATION PRINCIPLE
The weak interlayer will be softened when it encounters water, and softening mainly refers to the decrease of shear strength of the weak interlayer (Hou et al., 2021). According to non-saturation,
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In the formula, τf is the shear strength, c' is the effective cohesion, σ is the normal stress, ua is the atmospheric pressure, uw is the pore water pressure, ua-uw is the matrix suction, ϕ′ is the saturated friction angle, and ϕb is the internal friction angle of strength changing with suction.
The seepage field, saturated zone, and unsaturated zone of soft rock slope under rainfall condition are correlated to dynamic flow. The seepage problem of soft rock slope under rainfall condition is related to the saturated–unsaturated seepage problem, and the permeability coefficient of rock and soil mass can be obtained based on the curve of soil water characteristic curve and matrix suction (Shao et al., 2024). According to Darcy’s law, the calculation formula of unsteady seepage is as follows:
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In the formula, h is the total head, kx is the permeability coefficient in the x direction, ky is the permeability coefficient in the y direction, mw is the water bulk density, ρw is the water density, g is the gravity acceleration, and t is the time.
The finite element equation of unsteady flow (Santha and Thote, 2011) is
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In the formula, {Q} is the node traffic, [K] is the element characteristic matrix, and [M] is the element mass matrix.
The initial condition of unsteady seepage analysis is
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3 LABORATORY TEST ON THE STABILITY OF ROCK SLOPES WITH WEAK INTERLAYERS
3.1 Project overview
The research area is located in an open-pit mine. The geological zoning of the mine is mainly divided into the following six areas: the western end slope area, the western north slope area, the western south slope area, the eastern north slope area, the eastern south slope area, and the eastern end slope area.
The Quaternary loose layer soil engineering geological unit (upper) and the bedrock rock mass engineering geological unit (underlying) are the main engineering geological units in the mining area. The former is mainly distributed in the southern slope of the Qiantai Mountain and the western end of the west open-pit mine on the south side of the study area. The latter is mainly distributed in the south and north sides of the west open-pit mine. From top to bottom, it is described as follows:
(1) Quaternary loose layer engineering geological unit
The upper part is miscellaneous fill and plain fill soil layer, and the lower part is the quaternary loose layer composed of fine sand, silty clay, and gravel.
(2) Engineering geological unit of bedrock rock mass
1) Tuff: mainly a strong weathered structure, mainly exposed in the south, north, and east slope positions.
2) Fracture zone: mainly exposed in the tuff, including the middle of the tuff with coal seam and the lower part of the tuff. There are mudded interlayers in the unconformity contact area between tuff and gneiss.
3) Granitic diorite: distributed in the east and south of the Qiantai boiler room. Weathering crust is generally grayish white, with local mud filling; moderately weathered rocks are generally yellowish brown, with medium-coarse grained crystal structure and block structure.
According to the data of engineering geological mapping and drilling (geophysical) exploration, the stratum composition of the south slope of the western open-pit mine mainly includes Archean granodiorite, strongly weathered tuff, and weakly weathered tuff. There are three proven weak interlayers, but in this paper, we select one of the more typical interlayers as the main research object. According to the drilling results, the geological data of the D1 section are the most detailed. The final slope angle of the D1 profile slope is 28°. Compared with other geological profiles, it is found that the slope height difference at the D1 profile is the largest, and the final slope angle is the steepest, which is the most unstable profile in the south. Therefore, based on the D1 section, in this paper, we construct the typical geological model map of this study. The geological profile of D1 is shown in Figure 1. The simplified model size according to the D1 geological profile is shown in Figure 2, and the geotechnical parameters of each rock stratum at the slope are shown in Table 1.
[image: Figure 1]FIGURE 1 | D1 geological profile (unit: m).
[image: Figure 2]FIGURE 2 | Section model size (unit: m).
TABLE 1 | Rock and soil mechanics parameters of each layer.
[image: Table 1]3.2 Indoor model test design
The bottom friction test mainly uses the friction force on the bottom of the physical model to simulate the gravity of the prototype natural slope. The principle is as follows: the test model is placed in the framework of the bottom friction test machine model, and the bottom of the model is in contact with the rubber belt. This test uses a fully automated bottom friction tester, where the template size is 1 × 1m, the speed range is 0∼100r/min, and the friction force is 0∼1000N; the test machine diagram is shown in Figure 3. When the rubber belt rotates, the relative motion between the model and the rubber belt is generated due to the blocking of the model frame to the test model. When the test model is destroyed, the test is terminated, and friction force F is generated on the bottom surface of the test model during the movement.
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In addition, p is the pressure acting on the normal unit area of the model, and the normal stress is not applied in this study, so p = 0; ΥM is the bulk density of the model material, t is the thickness of the model, and μ is the sliding friction coefficient of the contact surface between the model and the rubber belt.
[image: Figure 3]FIGURE 3 | Schematic diagram of the bottom friction testing machine.
Combining the geological model in Figure 2 with the actual situation of the size of the bottom friction testing machine, the geometric similarity ratio of the simulation test is determined to be 100:1. The simulation range includes the main strata of the prototype slope and the corresponding boundary conditions, so it can meet the requirements of this test. In this experiment, mixed materials were used to simulate the prototype. Granodiorite and upper strongly weathered tuff were simulated by a mixture of different proportions of sand, lime, and gypsum. After repeated tests, the mass percentage of each material is determined as shown in Table 2. The actual model is shown in Figure 4.
TABLE 2 | Mass ratio of each material.
[image: Table 2][image: Figure 4]FIGURE 4 | Completed indoor model (unit: cm).
In order to study the influence of the inclination angle φ and the buried depth a of the weak interlayer on the sliding mode of the rock slope stability machine in more detail, a total of four sets of tests were designed, as shown in Table 3.
TABLE 3 | Indoor test scheme.
[image: Table 3]3.3 Analysis of indoor test results
During the test, the camera was used to record the real-time video at a fixed position to analyze the failure process of the slope. From the analysis of the overall instability process of the test model, the slope has different failure phenomena under the four different test schemes, as shown in Figure 5. The comparative analysis of the specific failure process is as follows: (1) when only changing the inclination angle of the weak interlayer φ, compared with T1 and T2, with the gradual increase of the inclination angle of the weak interlayer, the failure process changes from slope foot→breaking surface→slope top→overall instability to slope top→breaking surface→slope foot→overall instability. The failure mode of the strongly weathered tuff layer changes from local failure to overall failure, and the phenomenon of sliding along the weak interlayer occurs. The vertical sinking amount of T1 compared to T2 is 6.3 cm, and the horizontal sliding amount is 11.2 cm. (2) When only changing the buried depth of weak interlayer a, comparing T1 and T3, it can be seen that with the gradual increase of the buried depth of the weak interlayer, the strong weathered tuff in the slope is transformed from the overall (large-scale) failure to the local (small-scale) stability failure. This phenomenon shows that the increase of the buried depth of the weak interlayer significantly improves the overall stability of the slope. (3) When inclination angle φ and buried depth a of the weak interlayer increase at the same time, compared with T1, T2, T3, and T4, it can be observed that cracks appear on the slope surface and the slope foot at the same time. However, due to the increase of inclination angle φ, the slope foot is first broken, which makes the slope lose stability. It can be seen that the dip angle of the weak interlayer is more unfavorable to the overall stability of the slope than the buried depth. The above is the whole process simulation experiment analysis of slope stability under the condition of no rainfall, but in order to better study the stability characteristics of weak interlayer rock slopes under rainfall, the next part makes an in-depth study on the slope stability under different rainfall modes.
[image: Figure 5]FIGURE 5 | Failure process of indoor model tests: (a) T1, (b) T2, (c) T3, and (d) T4.
4 NUMERICAL SIMULATION TEST OF ROCK SLOPE STABILITY WITH A WEAK INTERLAYER
4.1 Numerical simulation scheme
According to the engineering geological situation of the study area, the finite element software (GeoStudio) is used to establish the numerical model, and the SEEP/W module is used to analyze the influence of rainfall intensity and rainfall duration on the seepage field of the slope. Finally, SLOPE/W is used to calculate the change of slope stability under the influence of rainfall. The numerical model is established with the section of Figure 2 to monitor the change of slope displacement field, the distribution of plastic zone, and the influence of safety factor under the influence of rainfall. The slope is divided into 1 m as a unit. Because the seepage field of the slope near the slope surface is greatly affected by rainfall, the weakly weathered basalt, the strongly weathered basalt, and the weak layer are encrypted and divided. The unit size is 0.3 m. A total of 72,756 nodes and 37,199 grids are divided globally, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Slope numerical model and grid division.
In the natural state, the volumetric water content of the slope soil is the saturated volumetric water content (groundwater level and below) in the saturated zone, and it is basically not affected by the infiltration of rainwater during the rainfall process. In the unsaturated zone, the volumetric water content of the soil is less than the saturated volumetric water content and decays with height. In the study, the V-G model is used to fit the volumetric water content of the soil in the unsaturated zone, and the distribution of the volumetric water content of the slope under the initial state is obtained. When setting the boundary conditions, the boundary conditions of the model set the above groundwater level line as the zero flow boundary, the slope top and slope surface as the rainfall boundary, the slope toe as the overflow boundary, and the slope bottom as the zero flow boundary. The basic mechanical parameters of the model are shown in Table 1.
According to the hydrogeological data of the study area, the annual average rainfall in the study area is 802.5 mm, and it is mostly concentrated in July and August. The maximum daily rainfall is 191.8 mm/d, and the maximum continuous rainfall is 967.2 mm. As the 24-h rainfall that is equal to and greater than 100 mm rainfall is a rainstorm, the maximum daily rainfall can cover heavy rainstorm, rainstorm, heavy rain, moderate rain, and light rain. In order to better study the influence of rainfall on the seepage field of slopes in practical engineering, according to different angles and distances of weak interlayers, as well as the four factors of rainfall intensity and rainfall duration, the orthogonal experimental design scheme is shown in Table 4.
TABLE 4 | Numerical simulation test scheme.
[image: Table 4]4.2 Simulation test results and analysis
4.2.1 Analysis of slope displacement field under different types
According to Figures 7, 8, the numerical simulation results under different types are analyzed. The angle of the weak interlayer, the distance of the weak interlayer, the rainfall intensity, and the duration have no direct linear influence on the maximum displacement in the horizontal direction of the slope. However, according to the phenomenon shown in the horizontal displacement distribution of the slope under different types, the following results can be obtained: (1) the maximum horizontal displacement value of scheme b (weak interlayer angle 13°, weak interlayer distance 4m, rainfall 100 mm/d, and duration 12d) is the largest, which is 2.141 m, and the maximum horizontal displacement occurs at the slope foot, which proves that this scheme causes serious landslide and accumulates at the slope foot. (2) Compared with scheme c and scheme d, the angle and distance of the weak interlayer are unchanged, and the total rainfall increases from 480 mm to 600 mm. The maximum horizontal displacement caused by it increases from 0.234 m to 0.452 m, and the location of the maximum displacement also changes from the top of the slope to the slope surface. (3) Compared with scheme e and scheme g, the maximum horizontal displacement changes little, and both occur at the upper position of the slope foot, indicating that when the angle of the weak interlayer is 23°, the depth of the weak interlayer and the rainfall intensity have little effect on the horizontal displacement field. (4) Comparing scheme a and scheme c, when the angle of the weak interlayer is consistent with the rainfall intensity, the distance of the weak interlayer and the duration of rainfall have little effect on the maximum horizontal displacement, but the location of the maximum displacement is obviously different. The maximum displacement position of scheme a occurs at the slope angle, whereas the maximum displacement of scheme c occurs at the top of the slope.
[image: Figure 7]FIGURE 7 | Maximum horizontal displacement in X direction under each type.
[image: Figure 8]FIGURE 8 | Horizontal displacement distribution of a slope under different types. (a–h) The x-direction displacement cloud diagram of specimen.
4.2.2 The change of the plastic zone of a slope under analysis types
According to the distribution of the slope, the plastic zone changes under different schemes, as shown in Figure 9. It can be concluded that (1) the plastic zone is only distributed in the slope angle, slope surface, and weak interlayer, and it does not penetrate the whole slope surface; (2) The plastic zone of scheme b is distributed above the slope angle and the weak interlayer; in particular, the plastic zone area at the weak interlayer is larger, and combined with the displacement distribution in Figures 9e, f, it can be judged that the slope under this scheme has a sliding condition and accumulates at the plastic zone area of the slope angle; (3) The plastic zone of scheme c and scheme d is only distributed in the weak interlayer, and the distribution area is small. Combined with the maximum displacement value in Figure 7 and the displacement field distribution in Figure 8, the slope under the two schemes has no risk of sliding; and (4) The slope plastic zone of schemes e–h is distributed at the top of the slope and the slope surface. Only schemes f and g have a small area distribution at the weak interlayer. Combined with Figures 7, 8, the slope under these four schemes is only damaged at the slope surface, but the overall stability of the slope is still possible.
[image: Figure 9]FIGURE 9 | Variation of the plastic zone of a slope under different schemes. (a–h) Plastic zone distribution of specimen.
4.2.3 Analysis of the change of slope safety factor under different types
According to the relevant provisions in the 《Specification for Investigation of Landslide Prevention and Control Engineering》 (Table 5), the factor of safety (FoS) of the slope in Figures 10, 11 is summarized and studied. The following specific conclusions can be drawn: (1) the slope stability under the eight simulation schemes is in an unstable, unstable, and basically stable state, and the FoS value in the basic stable state is basically at the critical value of the unstable and basically stable state values, indicating that the slope stability under the eight simulation schemes is relatively poor. (2) The safety factor of scheme d (the angle of weak interlayer is 13°, the distance of interlayer is 8m, the rainfall intensity is 100 mm/d, and the duration is 6d) is the smallest, which is 0.836, indicating that landslide has occurred at this time, but it can be seen from Figure 11d that only the slope surface has the risk of landslide. (3) Comparing the FoS values of schemes c, e, and f in Figure 10, the FoS values are almost the same, but according to the range of the unstable region in Figure 11, the unstable regions of schemes e and f are almost the same, but it is very different from the unstable region of scheme c. (4) During distribution comparison of schemes a and h and schemes b and g, although the FoS values are very similar, the unstable area shows a large difference at the slope angle.
TABLE 5 | Slope grade gradient division table.
[image: Table 5][image: Figure 10]FIGURE 10 | Safety factors under different types.
[image: Figure 11]FIGURE 11 | Safety factor of each type. (a–h) Safety factor of specimen.
5 CONCLUSION AND DISCUSSIONS
5.1 Discussions
5.1.1 Comparison of the indoor test and numerical simulation results
Indoor scheme T1 is consistent with simulation schemes e and f in terms of the angle and buried depth of the weak interlayer. Due to rainfall, the slope slides along the weak interlayer and accumulates at the slope angle (Xiaohua and Shuangxiang, 2014; Huang and Wang, 2011; Zhou et al., 2014). Continuous rainwater infiltration reduces the friction coefficient of rock and soil at the slope surface, possibly causing the slope sliding zone to pass through the weak interlayer and destroy slightly weathered tuff. However, when the weak interlayer angle is 23° and the buried depth is 4m, two different rainfall types (e: rainfall intensity 40 mm/d and duration 12d; f: rainfall intensity 100 mm/d and duration 6d) have almost the same impact on the safety of the slope.
When there is no rainfall, the slope failure position in indoor scheme T2 is at the top and shoulder of the slope. Considering the influence of rainfall, schemes a and b show that the maximum displacement occurs at the slope angle, but the damage location is at the slope surface, the weak interlayer, and the slope angle due to the influence of rainfall. This is because rainfall reduces the internal friction angle of the rock and soil on the slope surface, and as rainfall increases, rainwater penetrates into the slope, causing damage to the internal rock and soil.
According to T3 and schemes g and h, the location of slope failure in the laboratory test and the location of maximum displacement in the simulation scheme are consistent with the phenomenon of research results (2), and their principles are also consistent. With the increase of rainfall, the unstable area appears in the depth of the slope surface, mainly due to the decrease of the internal friction angle caused by the infiltration of rainwater.
5.1.2 Limitations of the study
Although the indoor model test and numerical simulation test have qualitatively and quantitatively analyzed the stability of the slope under different conditions (Xiao and Li, 2020; Niu et al., 2009; Ming-liang et al., 2022; Li et al., 2018), the previous indoor model test scheme was poorly considered, and a comprehensive and detailed analysis has not been carried out.
The parameters selected in the numerical simulation test are relatively few, which cannot truly reflect the slope site conditions. However, it can provide the necessary reference value for the later maintenance of the slope.
5.2 Conclusion
Because the indoor test cannot simulate real rainfall, GeoStudio numerical simulation software is used to quantitatively and qualitatively analyze the slope stability problems under eight different types of schemes. However, because the numerical simulation scheme is completely designed by orthogonal experiment, indoor test scheme T4 cannot be completely included in the simulation scheme. The following are the key conclusions:
(1) Indoor scheme T1 and simulation schemes e and f are similar in the weak interlayer angle and buried depth. Rainfall causes slope sliding along the weak interlayer and affects the safety factor and slip zone size similarly for different rainfall types when the weak interlayer angle is 23° and the buried depth is 4 m.
(2) Without rainfall, slope failure occurs at the top and shoulder; with rainfall, damage is at the slope surface, weak interlayer, and slope angle due to reduced internal friction angle and rainwater penetration.
(3) Laboratory test T3 and simulation schemes g and h show consistent failure locations and principles. Increased rainfall leads to unstable areas in the slope surface depth due to decreased internal friction angle from rainwater infiltration.
Through the comprehensive analysis of indoor test and numerical simulation results, the influence of weak interlayers on the slope stability mechanism can be discussed in depth. Studies have shown that the angle and depth of the weak interlayer are the key factors affecting the slope instability mode. When the weak interlayer angle is 23° and the buried depth is 4 m, rainfall will significantly change the mechanical properties of the slope, resulting in the expansion of the sliding surface along the weak interlayer and affecting the safety factor and the size of the sliding area. In addition, rainfall causes the slope surface, weak interlayer, and slope angle to become the main instability areas by reducing the internal friction angle and permeability. The consistency of laboratory test and numerical simulation results shows that the existence of weak interlayers not only controls the local stress state but also significantly increases the risk of slope instability. Further analysis shows that with the increase of rainfall intensity, the unstable area of slope surface depth gradually expands, which is closely related to the change of mechanical properties of weak interlayers. Therefore, the angle, buried depth, and rainfall conditions of the weak interlayer jointly determine the instability mode and the stability of the slope, which provides an important reference for the stability evaluation of the weak interlayer slope in engineering practice.
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