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Deposit landslides are one of the most representative geological hazards around the world, and the poor understanding of the mechanical characteristics of the soilrock mixture (S-RM) increases the difficulties in evaluating the stability of the deposit slope subjected to rainfall. This study attempted to propose an innovative strength parameter estimation method of the S-RM based on the concept and format of the generalized HoekBrown criterion. The system of “rock blocks–soil–contact surface” was considered the main source providing resistance to the external force, and the effect of the soil matrix, rock blocks, and the contact surface between them was taken into account. The verification of the estimation method was proved based on the abundant test data. A typical deposit slope located in the Taoyuan region of Yunnan Province, China, was selected as a case study, and the estimation method was applied to provide the shear parameters of the S-RM. The slope stability subjected to different types of rainfall was analyzed considering the parameter deteriorations, and the results show that the deposit landslide is more prone to the wave-type rainfall, which shows a deeper response depth of pore water pressure and a smaller safety factor. The present study suggests a simple estimation method for the shear parameters of the S-RM using a few parameters for the engineers and provides an understanding of the deposit slope stability during the rainfall process.
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INTRODUCTION
Worldwide, a large number of deep and loose deposits such as moraine, alluvial, and fluviallacustrine sediments are formed under dynamic actions such as tectonic uplift, river erosion, earthquake, and glaciation. Under the disturbance of the natural and artificial processes, it is commonly found that the occurrence of the deposit slope hazard with the characteristics of huge scale and quantity, such as collapse, landslide, and debris flow (Fu et al., 2020a; Zheng et al., 2021). The deposit slope hazard has been intensely studied in the last two decades due to its high risk and serious damage, and the results indicate that rainfall is a great threat to the deposit slopes in the mountainous region and even leads to deposit landslide and debris flow (Cascini et al., 2010; Fiorillo et al., 2013; Fu et al., 2020b; Pantaleone et al., 2018; Shang et al., 2003; Xiao et al., 2020; Wang et al., 2015). Many deposit slope hazards induced by rainfall have been reported in recent years, which have posed a serious threat to the safety and property of the local human and infrastructure constructions. Therefore, the stability of the deposit slope in the mountainous area is an important research subject.
The soilrock mixture (S-RM) is the main component of the deposit slope. As a typical multi-phase geomaterial, it possesses the characteristics of anisotropy, discontinuity, and scale effect. Compared with soil and rock, the research on the mechanical properties of the S-RM is not comprehensive enough. So far, studies on the mechanical properties of the S-RM are in progress, employing mechanical tests predominantly, and the large-scale apparatuses are more preferred to avoid the constraints on the motions of rock fragments inside because of the equipment boundary. The numerical simulation methods on the S-RM could be divided into continuous and discontinuous medium simulations (Ding et al., 2010; Fu et al., 2017; Fu et al., 2019; Liu et al., 2020; Liu et al., 2021; Meng et al., 2018; Qi et al., 2021; Yang et al., 2020; Zou et al., 2011). The test and simulation results show that the mechanical properties are affected by several influencing factors such as rock block proportion, water content, compactness, and granulometric composition, and the rock block proportion plays an important role in the mechanical properties (Afifipour and Moarefvand, 2014; Monkul and Ozden, 2007; Xu et al., 2011; Yang Y. et al., 2016; Chang and Phantachang, 2016; Xu et al., 2019). Several test results show that the strength parameters of the S-RM present a complex variation law as the rock block proportion increases, and the turning points of the parameters could be observed in a relatively low and high rock block proportion, which presents considerable challenges in the determination of the shear parameters of the natural S-RM. These results provide important inspiration for the discussion of the relationship between the strength characteristics of the natural S-RM and the rock block proportion. The determination methods of the shear parameters widely used make attempts to treat the S-RM as the coarse-grained soil or completely strongly weathered rock equivalently, which lacks the discussions about the strength of the contact surfaces and the roles rock blocks and soil matrix play in the overall strength (He et al., 2018; Lü et al., 2019; Miščević and Vlastelica, 2014; Wörman, 1993; Zhang et al., 2019). Furthermore, the influence of water content on the mechanical properties of S-RM also deserves careful study. The strength parameters are fragile to water and show obvious deteriorations as water content increases, which is responsible for the failure of the deposit slope during rainfall (Duong et al., 2013; Deng, 2016; Huang, 2016; Qi, 2016; Zhou et al., 2016; Wei et al., 2019). However, the variabilities in the mechanical characteristics of the S-RM in different regions and the limitations of the simulation software result that the shear parameter deteriorations are difficult to take into account in the deposit slope assessments.
This study aims to investigate the strength characteristics of the natural S-RM and propose an innovative strength parameter estimation method to obtain the strength parameters. Given the similarities between the natural S-RM and rock masses, the relative concepts and variables in the generalized H-B criterion are taken as references for the determination and calculation of the strength parameters of the S-RM. The rock block proportion and strength of contact surface between rock blocks and soil matrix were chosen as key influence factors of the overall strength based on the test data. The nonlinear strength criterion to estimate strength was proposed, and the verification of the estimated method was performed based on a series of test data. The strength deterioration due to the effect of water was also taken into consideration. A typical deposit slope near the site of the Taoyuan Jinsha River suspension bridge in Yunnan Province, China, was selected as the case study. The slope stability was evaluated considering the shear parameter deteriorations subjected to different types of rainfall.
EXPRESSIONS OF THE NONLINEAR STRENGTH CRITERION
The HoekBrown Criterion
In the past decades, as one of the most famous and commonly used nonlinear strength criteria, the HoekBrown (H-B) criterion proposed by Hoek and Brown (1980), has been applied successfully in describing rock failure mechanisms, and the accuracy has been improved in rock engineering and rock mechanics. The original H-B criterion is a nonlinear strength criterion, which is based on several conventional rock laboratory and in situ test data, and the expression is as follows:
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where σ1 and σ3 are the maximum and minimum principal stresses, respectively; σc is the unconfined compressive strength of the rock; m is a dimensionless empirical parameter of the rock, which is utilized to describe the degree of hardness of the rock; s is a dimensionless empirical parameter reflecting the degree of integrity of the rock mass, for intact rock s = 1.
The criterion was modified later by Hoek et al. (1992) to the generalized version as follows:
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where parameter a can be estimated from the geological strength index (GSI) as follows:
[image: image]
The parameters mb and s could be obtained based on GSI, which characterizes the quality of the rock masses. The GSI depends on the structure of the rock sample and the surface condition of the joints. The parameters mb and s are defined by Hoek et al. (1992) as follows:
[image: image]
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where D is proposed as a disturbance coefficient, which varies from 0.0 for the undisturbed in situ rock masses to 1.0 for very disturbed rock masses; mb is the value for m for intact rock and can be obtained from experiments. Considering the case without available test data, Hoek et al. (2002) and Marinos and Hoek (2001) also provided an approximate value range of mi for different types of rock as reference.
In the practical engineering construction, to estimate the safety of the deposit slope, the MohrCoulomb (M-C) criterion strength parameters, cohesion and friction angle, of geomaterials are commonly used. Therefore, many attempts have been made to derive the equivalent M-C parameters from the nonlinear strength criterion. Hoek and Brown (1997) proposed a nonlinear shear strength relationship based on the generalized H-B criterion and a series of test values, and the equation is defined as follows:
[image: image]
where τ and σn are the shear and normal stresses, respectively; A and B are materials constants, and the parameter T is defined as follows:
[image: image]
where the meaning of parameters mb and s are shown above, and the calculation equation of the parameters are Eqs 4, 5.
Strength Characteristics of the Natural SoilRock Mixture
Natural S-RM is composed of the soil matrix with different sizes of rock blocks mixed up. There are huge differences in the mechanical properties of the individual components, which thus leads to the complex strength characteristics of the geomaterial. Figure 1 shows the features and transformation of the structure of the S-RM with different rock block proportions. The results show that the spatial feature of the rock blocks inside changes from floating in the soil matrix to a dense state and finally in a skeleton state as the rock block proportion increases. During the process, the main source of the overall S-RM strength also changes from the soil-matrix to rock blocks-soil-contact surface and rock blocks. The effect of the contact surface between the soil matrix and rock blocks is crucial for the resistance of S-RM to the external force, as well as the individual components.
[image: Figure 1]FIGURE 1 | Sketch map of the structural transformation of the soilrock mixture.
The Nonlinear Strength Criterion for the SoilRock Mixture
In fact, the components of the natural S-RM are similar to the strongly weathered rock, and both are formed by the rock fragments with various sizes, fine-grained soil, and pores. The structure and surface conditions are chosen as the important factors for the strength of the rock in the H-B criterion. Similarly, the structure and strength of the contact surface between rock blocks and soil matrix (short as “contact surface”) also play the dominant role in the strength of the S-RM. Thus, the concept and format of the nonlinear shear strength criterion proposed by Hoek and Brown (1997) could be used as the reference, and the format of the nonlinear strength criterion for the S-RM is defined as follows:
[image: image]
Based on the expression of the nonlinear shear strength criterion shown in Eq. 6 and the influence factors as shown in Eq. 8, a power-law nonlinear strength criterion of the S-RM is proposed and is defined as follows:
[image: image]
where σc-SRM is the unconfined compressive strength of the S-RM, which is utilized to describe the strength of the contact surface; As is a nonlinear strength constant of the power-law criterion, and n is the nonlinearity coefficient; parameter Ts is a material constant, which is related to the rock block proportion, and strength of fine-grained soil and rock blocks.
INNOVATIVE STRENGTH PARAMETER ESTIMATION METHOD OF THE SOILROCK MIXTURE
Shear Parameter Estimation Method of the SoilRock Mixture
The unconfined confined strength (UCS) σc-SRM is used in the power-law criterion to describe the strength of the contact surface inside the S-RM. Several studies have shown that the value of UCS decreases compared with the soil sample as the rock block proportion increases (Afifipour and Moarefvand, 2014; Hu, 2014; Zhang et al., 2020). There is a lot of evidence that the emergence of the contact surface with low strength is responsible for the decreasing trend. Thus, the UCS of the S-RM is chosen to describe the strength of the contact surface indirectly, and the expression proposed by Kalender et al. (2014) for the value is utilized as follows:
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where σc is the UCS value of the soil matrix; characteristic parameter A is a strength constant, which represents the contact strength between the soil and rock blocks, and it could be determined based on the value diagram using σc and the internal friction angle or the roughness of the rock blocks; η is the volume ratio of the rock blocks.
In order to obtain the required constant parameters in the nonlinear strength criterion, more than 140 groups of direct shear test data were collected as the shear parameter database of the natural S-RM (Avşar et al., 2015; Chang and Cheng, 2014; Chang and Phantachang, 2016; Deng, 2016; Deng et al., 2013; Deng, 2014; Liu et al., 2017; Ma et al., 2019; Monkul and Ozden, 2007; Qi, 2016; Rahardjo et al., 2008; Sun et al., 2014; Tang et al., 2018; Wang et al., 2016; Wang, 2011; Wang et al., 2013; Wei et al., 2008; Wu, 2015; Wu et al., 2017; Xu et al., 2019; Xu et al., 2011; Xue et al., 2014; Yang JH. et al., 2016; Yang et al., 2010; Zhang et al., 2016). Considering the limitations of the test data and the object of the study, the scope of application of the estimation method in this study must meet three conditions.
1) Based on the rock block proportion threshold in the previous literature, a range of rock block proportion was set as 30–90%.
2) The particle diameter range of the rock block of the geomaterial for the nonlinear strength criterion should be also set to no more than 60 mm.
3) The normal stress range of 0–1200 kPa was set as the applicable range
With the guide of the expressions in the nonlinear shear strength criterion, the quantitative expressions of the constant parameters are proposed based on test data after a lot of trials and nonlinear fitting.
The expression of Ts is similar to the equation of the parameter T of the H-B criterion as shown in Eq. 7 and is presented as follows:
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where ms is a dimensionless constant that is related to the rock block proportion and the strength of the contact surface. The expression of ms is defined as follows:
[image: image]
where γ is the mass ratio of the rock block in the S-RM; the parameter mRi is a dimensionless constant which is utilized to describe the fragment degree of the geomaterial, and the expression is defined as follows:
[image: image]
As the rock block proportion increases, the S-RM turns from the fine-grained soil matrix into the mixture of rock blocks and soil in a dense state and finally converts into the heavily broken masses with the void structure as shown in Figure 1, where the RBP is the abbreviation of rock block proportion. Compared to the soil matrix, the fragment degree of the geomaterial increases as the rock block proportion increases, and the value of the parameter mRi keeps decrease.
The parameter G in Eq. 12 is defined as the geological parameter of the S-RM with the guide of GSI in the generalized H-B criterion, and the value is related to the friction effect provided by the contact surface inside the geomaterials. The strength of the contact surface could be divided into the cohesive and internal friction effects. The former one is mainly controlled by the strength of the soil matrix and the roughness of the rock blocks, which has been considered by introducing the parameter σc-SRM and characteristic parameter A into the criterion. The latter one is mainly controlled by the number of contact surfaces and the roughness of the rock blocks. Figure 1 shows that the larger the rock block proportion is, the more the contact surface is and the more obvious the internal friction effect provided by the contact surface is. Thus, based on the test data, the expression of G is shown as follows:
[image: image]
The undetermined parameters As and n in the strength criterion of the S-RM could be obtained based on the test data using the nonlinear fitting. To improve the engineering applicability and extend the scope of the application for the estimation of the shear parameters, the relationships between As or n and rock block proportion were also proposed based on the database, respectively, and the expressions are defined as follows:
[image: image]
[image: image]
To bring the nonlinear strength criterion into evaluating the stability of the deposit slope, the tangential method was applied to calculate the equivalent M-C parameters for the S-RM with the nonlinear strength envelope. As illustrated in Figure 2, a tangent line could be made through one-point P on the nonlinear strength envelope, and the tangent line could replace the nonlinear relationship with the form of the equivalent M-C strength parameters. Taking the stress status at point P as an example, the expression of the tangent line could be represented as follows:
[image: image]
where the parameters ci-SRM and φi-SRM are the equivalent M-C shear parameters. According to Figure 2, the gradient of the tangent line at the point P could be derived from Eq. 9 as Eq. 18 shown. The equivalent cohesion could be obtained with the combination of Eqs 18 and Eq. 19. The expressions of the equivalent M-C shear parameters based on the nonlinear strength criterion are as follows:
[image: image]
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[image: Figure 2]FIGURE 2 | Nonlinear strength envelope and the tangent line.
The Shear Parameters Estimation Method Considering the Effect of Water
Many researchers have employed mechanical experiments to focus on the mechanical properties of the natural S-RM subjected to various water contents, and results show that the shear parameters are sensitive to water, which should be focused on in the evaluation of the deposit slope (Al-Shayea, 2001; Al Aqtash and Bandini, 2015; Malizia and Shakoor, 2018; Zhou et al., 2020). Several types of fitting curves between the shear parameters and the water content have been proposed to represent the deterioration trends of the mechanical properties based on the test data, such as the exponential, power, linear, and parabola function. However, this type of fitting function barely describes the deterioration trend based on the test data and is only suitable for the material from one region, which could not be utilized widely as a reference.
In this study, the empirical approaches proposed by Zhang et al. (2021) are used to estimate the shear parameters considering water softening, which were proposed by test data to describe a more general deterioration feature. The expressions are as follows:
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where a is the water content variation ratio, c0 is the reference cohesion, and φ0 is the reference friction angle of the S-RM sample with natural water content.
VERIFICATION OF THE STRENGTH ESTIMATION METHOD BASED ON TEST DATA
To verify the accuracy of the proposed nonlinear strength criterion of the S-RM, the large-scale direct test data in the database were utilized as the standard values, and the comparisons between the standard and the estimated values of shear strength calculated by the nonlinear strength criterion were made as shown in Figure 3. The results show that the estimated and test shear strength values are concentrated on both sides of the line of y = x, and the relationship between the estimated and test values is y = 0.9515x, with the coefficient of determination as 0.9082. The data points located under the y = x are more than the ones above the blue line. The area of error range ±50 kPa and ±100 kPa is marked as the dark and light blue areas, respectively. Most of the estimated values are distributed in the dark blue area, which means the absolute error of the estimated values is around ±50 kPa. A few estimated values located outside the blue area are ±100 kPa larger than the measured values. Although the estimated values are overall smaller than the test values, the error between the estimated and test values is acceptable. The results prove that the nonlinear strength criterion of the S-RM proposed in this study could be utilized for the shear parameter estimations.
[image: Figure 3]FIGURE 3 | Comparison between the estimated and test shear strength values.
BACKGROUND AND MODELING OF A CASE
Background
The engineering application of the nonlinear strength criterion of the S-RM was performed using a typical deposit slope in the following. The slope is located near the Taoyuan Jinsha River suspension bridge site in Yunnan Province, China (Figure 4A). The Taoyuan Jinsha River suspension bridge is located in the K76 along the Dali-Yongsheng expressway, which spans the reservoir area 21 km upstream of Ludila hydropower station. The rock of the North Bank of the suspension bridge (Yongsheng bank) is mainly moderately weathered limestone with good rock mass stability. However, at the South Bank of the suspension bridge (Dali bank), in the long-term geological evolution process, including strong crustal movement, river undercutting erosion, and historical landslide, deep and loose deposits were formed. The suspension bridge adopts the gravity anchor foundation as the bearing structure. The anchor foundation construction needs large-scale excavation, with an excavation area of more than 3000 m2.
[image: Figure 4]FIGURE 4 | Site investigation of the case. (A) Taoyuan Jinsha River suspension bridge. (B) Excavated boundary of foundation pit of gravity anchorage.
The 3D model based on tilt photography using an unmanned aerial vehicle shows the excavated boundary of the foundation pit of gravity anchorage (Figure 4B). During the construction of the gravity anchorage, the disturbance shows a negative impact on the stability of the east slope. In addition, the climatic condition of the Taoyuan region is complex, and the annual rainfall is about 750 mm. The stability of the excavation slope subjected to different types of rainfall is important for anchorage construction. Therefore, the deposit slope was selected as a case study as the application of the nonlinear strength criterion, and the stability assessment of the slope considering parameter deterioration was performed to better understand the influence of rainfall on the slope failure.
Geological and Numerical Model
As shown in Figure 4B, a typical profile of deposit slope is selected, and the geological and numerical models are shown in Figure 5. The slope included about five parts according to the survey data: the first one was the S-RM with small size gravels in a slightly dense state, the second one was the S-RM with large size gravels in the dense state, the third one was the dense silt-semi-rock layer, the fourth layer was the dense silt soil, and the fifth one was comprised of the moderately weathered limestone. The height of the model was about 235 m, and the width was set to 360 m. In the numerical model, the number of the grid points was 11,439, and the number of the triangle-quadrilateral zone was 11,384.
[image: Figure 5]FIGURE 5 | Geological and numerical model of the deposit slope.
Determination of the Shear Parameters of the S-RM
As shown in Figure 5, the emergence stratum consists of the Quaternary Holocene colluvium layer, the Quaternary Pleistocene alluvial layer, and the Devonian stratum. Among these, the Quaternary Holocene colluvium and Pleistocene alluvial layer consist of clay, silt, and limestone fragments of various sizes, which could be classified as the typical S-RM. The field investigation shows that the maximum particle diameter of the gravels in the shallow region is about 60 mm due to the weathering effect, while the maximum diameter of the gravel in the deeper layers lies in the range of 60–90 mm. Therefore, the colluvial type S-RM in the shallow region is suitable for the nonlinear strength criterion, and the shear parameters of the material are determined as follows:
1) Determination of the rock block proportion. Several groups of the natural S-RM samples were collected from the deposit slope, and the particle size test was performed. The cumulative curve of the particle size of the S-RM sample from the east slope is shown in Figure 6. The soil-rock threshold was set as 2 mm, and the rock block proportion of the S-RM on the east slope is 62%.
2) Determination of the parameter of the nonlinear strength criterion. The UCS value of the soil matrix is obtained as 812.67 kPa based on the uniaxial compressive test. Geological data show that the gravels in the S-RM commonly assume in the angularsubangular shape. The characteristic parameter A was determined as 0.5 utilizing the value chart proposed by Kalender et al. (2014) taking the UCS value of the soil matrix and the roughness of the gravel into account.
3) Determination of the shear parameters of the S-RM. On the basis of the rock block proportion and UCS value of the S-RM, the nonlinear strength envelope of the S-RM with 68% rock block proportion was drawn as shown in Figure 7. The cohesion and friction angle of the geomaterial could be obtained using the tangential method, and the shear parameters have the following values: c = 89.85 kPa, φ = 23.33°.
[image: Figure 6]FIGURE 6 | Cumulative curve of the particle diameter of the soilrock mixture.
[image: Figure 7]FIGURE 7 | Strength envelope of the soilrock mixture of the case.
Material Parameter of the Deposit Slope
The mechanical parameters of the S-RM located in the shallow region of the deposit slope have been obtained based on the nonlinear strength criterion. The mechanical parameters of the geomaterial in other strata were determined according to the prospecting data and experience reduction. The physical and mechanical parameters of geomaterials are listed in Table 1.
TABLE 1 | Physical and mechanical parameters of the geomaterials.
[image: Table 1]The assessment of the deposit slope under different types of rainfall was performed using the SEEP/W module of Geo-studio software. The module takes full advantage of the saturatedunsaturated seepage calculation in the rainfall numerical simulation, which fully considers the influence of the negative pore-water pressure (matrix suction) on the slope stability. In the unsaturated seepage process, the water content and permeability coefficient of the geomaterial are not fixed values, which are related to the change of the matrix suction. Therefore, the hydraulic curves of the S-RM in the slightly dense and dense state were set as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Curves of hydraulic parameters with pore water pressure of the material in the layer of deposit. (A) Volumetric water content curve. (B) Permeability coefficient curve.
STABILITY ASSESSMENTS OF THE DEPOSIT SLOPE UNDER EXCAVATION AND RAINFALL
Simulation Schemes
The numerical scheme of the stability evaluation of the deposit slope is divided into two parts: first, the deposit slope was excavated in four steps according to the design plan for the construction, and then, two types of rainfall were performed on the excavation slope to analyze the stability considering parameter deteriorations. The SIGMA module in the Geo-studio software was adopted to present the excavation process, and the SEEP/W module was utilized for the seepage analyses during the rainfall. Then, the SLOPE module was embedded used to obtain the potential sliding surfaces along with their safety factors based on the limit equilibrium theory of the deposit slope under rainfall.
The rainfall in the Taoyuan region is concentrated from June to September, and the total rainfall is relatively small. The rainfall types of the rainfall events in the Taoyuan region could be divided into two types: increasing and wave type. The total rainfall for the numerical model was set as 280mm, and the rainfall duration for the two types was the same as 7 days. The daily rainfall of two rainfall types was shown in Figure 9.
[image: Figure 9]FIGURE 9 | Distributions of two types of rainfall intensities.
Stability Evaluations
Figure 10A shows that the potential sliding surface of the slope before excavation is located nearly the top of the slope, and the bottom of the surface has reached the dense S-RM layer. The safety factor of the potential surface is 2.842, which is within the corresponding range of the stable slope.
[image: Figure 10]FIGURE 10 | Safety factors and potential sliding surface of the deposit slope. (A) before excavation. (B) after excavation.
Figure 10B shows the location of the potential sliding surface along with its safety factor after excavation. Compared with the location of the potential sliding surface before excavation, the potential sliding surface changed from the top to the nearby excavation area, which indicates that the stability of the slope has been controlled by the stress status due to excavation disturbance. The safety factor of the potential sliding surface was decreased from 2.842 to 2.052, and the slope was still in a stable state. There was no obvious local destroy observed in the excavation slope based on the field survey, which is consistent with the numerical result.
To analyze the influence of rainfall type on the seepage and stability of the deposit slope, the increasing and wave types of rainfall were performed under the same rainfall and rainfall duration considering the parameter deterioration. As shown in Figure 5, to quantitatively describe the variations of the hydraulic parameters due to rainfall infiltration, seven monitor points were set in the layer of the slightly dense S-RM. Figure 11 shows the variations of the pore water pressure in different depths during the rainfall. The pore water pressure of #1 point near the surface responded immediately since the rainfall started, and the pore pressure water increased from −541.58 kPa to −423.18 kPa and −359.97 kPa under the effect of the increasing (Figure 11A) and wave-type (Figure 11B) rainfall, respectively. According to the rainfall intensity variations (Figure 9), the intensity of the wave type is larger than the increasing type in the first five days of rainfall. The pore water pressure of #1 under the wave-type rainfall has reached −133.68 kPa after five days of rainfall while the value is still less than −150 kPa under the increasing type. The pore water pressure of #5 with the height of 144 m has shown an increase after five wave-type rainy days, which indicates that the deepest pore-water pressure response depth of the wave-type rainfall in Figure 11B has reached 20 m below the surface. Under the same rainfall duration, the rainfall influence depth is much shallower subjected to the increasing type of rainfall, and the pore water pressure #4 has just shown an increasing trend after five rainy days. The rainfall intensity of the wave-type rainfall starts to decrease after the fifth day, which also leads to the decrease of pore water pressure of points #1 and 2# in the last two days of rainfall. In contrast, the intensity of the increasing type increases monotonically, and the pore water pressure in the shallow region keeps increasing in the whole rainfall process. Under the same total rainfall and rainfall duration, the deepest response depth of pore water pressure of the increasing type is still under 25 m, while the obvious increase of the pore water pressure at the same depth under the wave-type rainfall has been observed at the end of rainfall.
[image: Figure 11]FIGURE 11 | Pore water pressure of monitor points under different rainfall conditions. (A) increasing type. (B) wave type.
As shown in Figures 12A,B, a similar phenomenon also appeared in the variation of the water content of the monitor points. The values of the points located near the surface are more sensitive to the variation of rainfall intensity; the water content of the #1 and #2 decreases after the fifth rainy day in Figure 12B, which is attributed to the reduction of rainfall intensity in the wave-type rainfall. The water content of point #7 has shown an increasing trend compared to the initial state, which means the rainfall infiltration has reached that depth and supply. In summary, the wave-type rainfall has a deeper infiltration depth and a larger influence area on the pore water pressure and water content than the increasing type rainfall, which could be seen as the dangerous rainfall type for slope stability.
[image: Figure 12]FIGURE 12 | Water content of monitor points under different rainfall conditions. (A) increasing type. (B) wave type.
The stabilities of the deposit slope subjected to two types of rainfall considered parameter deterioration were carried out. Figure 13 presents the variations of the safety factor of the potential sliding surfaces during the two different types of rainfall. The results show that the safety factor of the potential sliding surface is closely related to the rainfall intensity. During the first five days of the rainfall, the intensity of the wave type is much larger than that of the increasing type, which leads to a faster decrease in the safety factor after the same rainfall duration. During the last two days of rainfall, the intensity of the increasing type rainfall has been greater than the wave type, and the decrease of the safety factor of the deposit slope is also larger than that under the wave type, the former about 0.068, from 1.789 to 1.721, while the latter one is only 0.048. The largest intensity of the two types of rainfall appears at the fifth and the end day of rainfall, respectively, and an obvious decrease could be observed after the peak rainfall intensity, which is attributed to the hysteresis due to rainfall infiltration. After the same rainfall duration, the safety factor of the wave type is smaller than the increasing type.
[image: Figure 13]FIGURE 13 | Safety factors of the deposit slope under different rainfall conditions.
Figure 14 shows the locations of the potential sliding surfaces of the deposit slope after the increasing and wave type of rainfall. Compared to the simulation result before excavation in Figure 10B, the location of the potential sliding surface is much shallower. The parameter deterioration was considered in the calculation of the safety factor, which is related to the increase of pore water pressure. Therefore, the location of the potential sliding surface is controlled by the variable region of the pore water pressure is near the surface, which shows very good agreement with the common shallow retrogressive landslides due to rainfall.
[image: Figure 14]FIGURE 14 | Safety factors and potential sliding surface of the deposit slope after different rainfall conditions. (A) increasing type. (B) wave type.
CONCLUSION
S-RM is one of the most common geological materials and presents considerable challenges due to its complex mechanical characteristics and compositions. An innovative shear parameter estimation method was proposed in this study, and its application for the deposit slope with the parameter deterioration was discussed subjected to different types of rainfall. The following conclusions and recommendations could be derived:
1) The empirical nonlinear strength criterion of the S-RM and the shear parameter estimation method were proposed. Based on the similarities between the natural S-RM and the rock masses, the generalized H-B was utilized as the reference format of the expression of the nonlinear strength criterion, and the rock block proportion and the strength of the contact surface were chosen as the vital influence factors. The scope of the estimation method was given considering the test conditions, and the influence of water on the shear parameters was also discussed.
2) A series of large-scale direct test data were collected to build the database of the natural S-RM, which was utilized as the reference for the verification of the nonlinear strength criterion. In addition, the natural S-RM located in the deposit slope in Taoyuan, Yunnan Province, China, was selected as the research object, and its mechanical parameters were determined using the estimation method proposed in this study.
3) The numerical case study was performed to study the influence of rainfall type on the seepage field and stability considering the parameter deterioration. The results from the numerical study indicate that the pore water pressure and water content are related to the rainfall intensity, and the wave-type rainfall presents a larger infiltration area. The same situation was also observed in the variation of the safety factor, and the wave-type rainfall shows a more serious impact on the slope stability.
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