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Strength anisotropy and heterogeneous rotated anisotropy are prevalent phenomena in natural slopes. Previous studies have underscored their significance in slope stability analysis. However, in previous slope stability analyses, the effects of strength anisotropy and heterogeneous rotated anisotropy on slope stability were studied separately, without considering their coupled effect. This paper aims to propose a probabilistic analysis framework of slope stability considering the coupled effect of strength anisotropy and heterogeneous rotated anisotropy. Through an undrained clay slope case, the proposed probabilistic analysis framework is examined. The influence of strength anisotropy and heterogeneous rotated anisotropy on slope stability is investigated. The results show that the proposed probabilistic analysis framework of slope stability considering the coupled effect of strength anisotropy and heterogeneous rotated anisotropy is effective. Both strength anisotropy and heterogeneous rotated anisotropy have an important influence on slope stability. Furthermore, the statistics of safety factor including mean value, coefficient of variation, and reliability index, vary with the strength anisotropy coefficient, the heterogeneous anisotropy coefficient, and the rotational angle. The smaller the strength anisotropy coefficient, the larger the heterogeneous anisotropy coefficient, and the smaller the reliability index. The rotational angle of strata corresponding to the minimum and maximum values of the slope reliability index is sensitive to the strength anisotropy coefficient, but not to the heterogeneous anisotropy coefficient.
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1 INTRODUCTION
The soil layers in nature are very complex due to the influence of material composition, depositional conditions, stress history, and geological effects (Phoon and Kulhawy, 1999; Al-Karni and Al-Shamrani, 2000; Elkateb et al., 2003; Nian et al., 2008). Soil particles will be arranged in a certain direction during sedimentation, which makes the shear strength of the soil in the vertical direction (initial sedimentary direction) greater than that in the horizontal direction (Wang and Jin, 2008; Tang et al., 2020). It is called the strength anisotropy and the soil properties will change with the stress state (Yu and Sloan, 1994; Hwang et al., 2002; Bozorgpour et al., 2021). Under the action of geostress, soil layers will rotate at a certain angle. Therefore, the initial sedimentary direction will also rotate, and the direction of maximum shear strength will not be vertical. On the other hand, the properties of natural soil layers are heterogeneous in space and there is a difference in soil parameters at different spatial points. It is called the spatial variability of soil parameters (Griffiths and Fenton, 2001; Elkateb et al., 2003; Dasaka and Zhang, 2012; Jiang et al., 2014; Li et al., 2016; Deng et al., 2017; Deng et al., 2022). Due to the influence of sedimentation, the variation characteristics in the vertical direction are stronger than that in the horizontal direction (heterogeneous anisotropy). Under the action of geostress, soil layers usually undergo rotation, and the direction with the strongest variation of soil parameters also undergoes rotation. It is more common in natural soil layers and is called soil parameters rotated anisotropy or heterogeneous rotated anisotropy (Zhu and Zhang, 2013). Strength anisotropy and heterogeneous rotated anisotropy are different and coexist in nature. Strength anisotropy refers to the variation of soil mechanical properties with the direction of principal stress, while heterogeneous rotated anisotropy refers to the spatial differences in soil mechanical properties (Bozorgpour et al., 2021).
Slope stability issues not only affect foundation pits and highway projects but also play a crucial role in tunnel excavation (Tian et al., 2024a; 2024b). Particularly in complex geological conditions, such as weak surrounding rock, steep slopes, or areas with abundant groundwater, slope instability poses a serious threat to construction safety and structural stability. Commonly used methods for slope stability analysis include graphical method, limit equilibrium method (Azarafza et al., 2021), and numerical analysis method. In recent years, machine learning methods have also been applied to analyze slope stability (Nanehkaran et al., 2022; 2023). However, most slope stability analyses are generally based on the assumption that the soil is isotropic and homogeneous (Ma and Yao, 2024). Due to the existence of strength anisotropy and heterogeneity in reality, traditional slope stability assessment methods may overestimate the safety factor of slopes. Several studies on slope stability have considered the strength anisotropy. Chen et al. (1975) studied the slope stability considering the shear strength anisotropy and the linear variation of cohesion with depth. They established an expression for the safety factor of slope with soil parameters of [image: image] and [image: image]. Wang and Jin (2008) developed a finite element method for automatically calculating the safety factor of strength anisotropy slopes. The results indicated that using the strength from triaxial compression tests alone to assess slope stability without considering strength anisotropy tends to overestimate the safety factors of slopes, especially when the cohesion value in the vertical direction is high. Shogaki and Kumagai (2008) proposed a slope stability analysis method considering the inherent and stress-induced strength anisotropies of soils. They examined the proposed method through cases of embankment failures. The findings showed that the probability of slope failure will be underestimated by disregarding strength anisotropies. Al-Karni and Al-Shamrani (2000) investigated the influence of cohesion anisotropy on slope stability in homogeneous soil using the method of slices. They found that the strength anisotropy significantly affects the stability of slopes when the slope angle is less than 53[image: image]. Tang and Wei (2019) conducted the slope stability analysis by coupling the characteristics of strength anisotropy and strain softening of soil. They discovered that strain softening and strength anisotropy have significant impacts on the slope’s overloading safety factor, particularly when the slope angle is slow. Xia et al. (2020) analyzed the deformation and stability characteristics of rock slopes considering the strength and hydraulic conductivity anisotropy. The findings demonstrated that the strength and hydraulic conductivity anisotropy sensitivity analysis could accurately forecast the landslide’s occurrence time, horizontal displacement, and scope.
Nowadays, more and more attention has been paid to the stability analysis of slopes considering the rotated anisotropy of soil properties (Huang et al., 2019; Zhu et al., 2019; Ding et al., 2021; Huang et al., 2021; Wang et al., 2021; Chen et al., 2022). Cheng et al. (2017) used the covariance matrix decomposition method to simulate the rotated anisotropy random field of undrained shear strength, and studied the influence of the rotated anisotropy correlation structure on slope stability. Li et al. (2022) proposed an integrated probabilistic analysis framework to investigate the effect of soil parameters rotated anisotropy on the stability of pile-reinforced slopes. The optimal reinforcement scheme of stabilizing piles is analyzed based on the proposed probabilistic analysis framework. Ma et al. (2022) evaluated the most critical fabric orientation for the post-failure behavior and explored the impact of soil parameters rotated anisotropy on runout movements of landslides. The results revealed that the spatial variability of [image: image] and [image: image] and the rotation of soil layer orientation notably influences the post-failure behavior of slopes. Ng et al. (2022) investigated the unsaturated soil slope reliability with permeability rotated anisotropy random fields under rainfall infiltration. Liu et al. (2023) proposed a multiple response surface-based random material point method to study the effect of soil parameters rotated anisotropy on large deformation characteristics of slopes.
However, previous studies on the stability of slopes still have some limitations. The effects of strength anisotropy and heterogeneous rotated anisotropy were considered separately (Bozorgpour et al., 2021). Few studies considered the coupled effect of strength anisotropy and heterogeneous rotated anisotropy on slope stability. This paper aims to propose a probabilistic analysis framework of slope stability considering the coupled effect of strength anisotropy and heterogeneous rotated anisotropy. An algorithm for calculating the safety factor of slopes considering strength anisotropy and heterogeneous rotated anisotropy is developed. Then, through an undrained clay slope case, the influence of strength anisotropy and heterogeneous rotated anisotropy on the slope stability is investigated.
2 METHODOLOGY
2.1 Characterization of strength anisotropy
Most soils in their natural states exhibit some anisotropy with respect to shear strength. The long-term sedimentation process leads to the directional arrangement of soil particles, and the strength of the soil in the initial sedimentary direction (usually vertical) is higher than that in other directions (Yu and Sloan, 1994). Generally speaking, the larger the angle between the direction of major principal stress and the initial sedimentary direction, the lower the strength of the soil. There are large differences in the stress state of the soil at different positions of a slope, and the orientation of major principal stress rotates to varying degrees (Li et al., 2023). The major and minor principal stress directions of the soil elements on the sliding surface of slope are shown in Figure 1. The major principal stress near the middle and bottom of the sliding surface deviates significantly from the vertical direction, and the deflection angle may even be close to 90° (Wang and Jin, 2008). The strength anisotropy of soil results in lower strength in these areas than that at the top of slope. If the stability of slope is evaluated uniformly according to the strength in the initial sedimentary direction, a higher safety factor will be obtained, which may lead to the failure of slope in reality.
[image: Figure 1]FIGURE 1 | Directions of principal stress at different positions of slope.
If the slope is analyzed under undrained conditions, the undrained shear strength is used to characterize the mechanical behavior of soil. The undrained shear strength is strongly dependent on the angle between the direction of major principal stress and the direction of soil deposition. Previous studies have mostly determined the anisotropic undrained shear strength using Equation 1 (Chen et al., 1975; Al-Karni and Al-Shamrani, 2000):
[image: image]
where [image: image] and [image: image] are the undrained shear strength in the vertical (initial sedimentary direction) and horizontal directions, respectively; [image: image] is the angle between the direction of the major principal stress and the initial sedimentary direction. The variation of undrained shear strength with major principal stress direction is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Variation of undrained shear strength with major principal direction.
To indicate the degree of strength anisotropy, a strength anisotropy coefficient is defined by Equation 2:
[image: image]
The range of the strength anisotropy coefficient is 0∼1.0. The smaller the strength anisotropy coefficient, the stronger the degree of strength anisotropy; Otherwise, the opposite. When the strength anisotropy coefficient is 1.0, the soil is an isotropic material and the undrained shear strength is independent of the direction of principal stress.
After sedimentation, the soil layers undergo rotation under the action of geostress, and the sedimentary direction will rotate (see Figure 3). The angle between the rotated sedimentary direction and the vertical direction (initial sedimentary direction) is called the rotational angle [image: image]. The range of [image: image] is 0∼ [image: image]. The angle between the direction of the major principal stress and the initial sedimentary direction is denoted as [image: image]. The angle between the direction of the major principal stress and the rotated sedimentary direction is denoted as [image: image].
[image: Figure 3]FIGURE 3 | Initial and rotated soil layers and related angles.
2.2 Slope stability analysis considering strength anisotropy based on ABAQUS
The Mohr Coulomb ideal elastic-plastic model is used to describe the stress-strain relationship of soil and ABAQUS software is used to analyze the slope stability in this paper. There is no Mohr Coulomb model with strength anisotropy in ABAQUS. Therefore, the user-defined material (UMAT) development of Mohr Coulomb model with strength anisotropy must be conducted. This paper adopts an explicit integration algorithm with automatic substepping and error control when developing the UMAT subroutine (Sloan, 1987; Sloan et al., 2001; Zhang and Zhou, 2016; Zhang et al., 2019). It should be noted that in each incremental step, we need to determine the direction of the major principal stress based on the stress state of the element integration point, and then update the undrained shear strength of the soil according to Equation 1. Note that if the soil layers undergo rotation, the angle [image: image] in Equation 1 should be the direction of the major principal stress and the rotated sedimentary direction. Then, the updated undrained shear strength is applied to the elastic-plastic calculation of the integration point.
The finite element strength reduction method is a commonly used calculation method of slope safety factor. The basic idea is to reduce the undrained shear strength of the soil until the reduction factor [image: image] satisfying a certain instability criterion is found, and then use the reduction factor [image: image] at this time as the safety factor ([image: image]). In this paper, an algorithm is developed to calculate the safety factors of slopes based on the finite element strength reduction method. The main control program determines the range of [image: image] through dichotomy. The specific steps are as follows:
(1) Give the initial range of the reduction coefficient (for example, 0.1∼10.0). Mark the upper and lower limits of the reduction coefficient as [image: image] and [image: image], respectively.
(2) Take the midpoint value (denoted as [image: image]) of the upper and lower limits of the reduction coefficient as the reduction coefficient for this calculation.
(3) Determine the value of undrained shear strength in the rotated sedimentary direction [image: image] for the calculation based on the reduction coefficient [image: image] using the formula [image: image]. Call the developed UMAT subroutine of Mohr Coulomb model with strength anisotropy for slope stability calculation.
(4) Determine whether the slope stability calculation converges. If the calculation converges, the lower limit of the reduction coefficient is set to be [image: image], and the upper limit is set to be [image: image]. Otherwise, the lower limit of the reduction coefficient is set to be [image: image], and the upper limit is set to be [image: image].
(5) Repeat Steps 2∼4, until the difference between the upper and lower limits of the reduction coefficient is less than the specified error (for example, 0.001). At this time, the midpoint value of the upper and lower limits of the reduction coefficient is taken as the [image: image] of slope.
2.3 Simulation of heterogeneous rotated anisotropy
The heterogeneous rotated anisotropy widely exists in nature (shown in Figure 4), and can be simulated using the random field theory. In the heterogeneous rotated anisotropic soil layers, the scales of fluctuation (SOFs) of undrained shear strength in the strongest and weakest directions of correlation are denoted as [image: image] and [image: image], respectively. The weakest direction of correlation is the rotated sedimentary direction, and the strongest direction of correlation is perpendicular to the weakest direction of correlation. Generally speaking, [image: image] is often greater than [image: image]. To describe the degree of anisotropy in the spatial distribution of soil parameters, a heterogeneous anisotropy coefficient is defined by Equation 3:
[image: image]
[image: Figure 4]FIGURE 4 | Heterogeneous rotated anisotropy of soil layers.
The larger the heterogeneous anisotropy coefficient, the higher the degree of anisotropy in the soil parameter random field; Otherwise, the opposite. When [image: image], the soil parameter random field is isotropic.
In random field theory, autocorrelation functions are often used to describe the autocorrelation between soil parameters at two different spatial positions. There are various types of autocorrelation functions, such as triangular, exponential, Gaussian, and so on. Among them, exponential and Gaussian autocorrelation functions are often used in geotechnical engineering and the exponential autocorrelation function is used in this paper. The formula of exponential autocorrelation function is as follows, see Equation 4:
[image: image]
where [image: image] and [image: image] are the horizontal and vertical distances between two points, respectively. [image: image] is the rotational angle.
After determining the autocorrelation function, the domain Ω is divided into [image: image] elements, and the centroid coordinates of the elements are denoted as ([image: image], [image: image]) ([image: image]). Then, the autocorrelation matrix [image: image] with [image: image] random field elements can be expressed by Equation 5:
[image: image]
where [image: image] is the autocorrelation coefficient of soil parameters between element [image: image] and element [image: image]. [image: image] and [image: image] are the relative distances between element [image: image] and element [image: image] in the horizontal and vertical directions, respectively. Then, the autocorrelation matrix [image: image] can be decomposed into the product of a lower triangular matrix [image: image] and its transpose using the Cholesky decomposition technique (Myers, 1989; Jiang and Huang, 2016), see Equation 6:
[image: image]
Suppose [image: image] is a column vector composed of [image: image] independent random variables that follow the standard Gaussian distribution. A Gaussian random field [image: image] can be calculated by Equation 7:
[image: image]
If the soil parameter [image: image] obeys lognormal distribution, the random field of [image: image] can be expressed as Equation 8:
[image: image]
where [image: image] and [image: image] are the mean and standard deviation of Gaussian random field [image: image], respectively.
2.4 Probabilistic analysis framework of slope stability considering strength anisotropy and heterogeneous rotated anisotropy
To consider strength anisotropy and heterogeneous rotated anisotropy in slope stability analysis, a probabilistic analysis framework is proposed. The probabilistic analysis framework is based on ABAQUS and Python. The flow chart in Figure 5 shows the main steps of the program development of the probabilistic analysis framework. The main steps are as follows:
(1) Collect basis information required for probabilistic slope stability analysis. The information includes the geometric dimensions of slope, the statistical data of heterogeneous rotated anisotropy of soil parameters (distribution type, mean value, coefficient of variation, scales of fluctuation, rotational angle, etc.), and strength anisotropy parameters of soil.
(2) Generate [image: image] random fields of heterogeneous rotated anisotropy of soil properties (denoted as [image: image]) using the simulation method introduced in Section 2.3 based on the information collected in Step 1.
(3) Establish an initial finite element method (FEM) model of slope with deterministic soil parameters.
(4) The slope safety factor calculation method considering strength anisotropy introduced in Section 2.2 is programmed based on ABAQUS and Python. The developed program is denoted as Code A.
(5) Based on the initial FEM model of the slope, map the generated heterogeneous rotated anisotropy random field [image: image] into the slope FEM model through Python scripts. Calculate the slope safety factor using Code A and save the safety factor into FS.txt.
(6) Use Python scripts to repeat Step 5, until [image: image] slope samples with different random fields are calculated and [image: image] safety factors are saved into FS.txt.
(7) Read the data from FS.txt and perform further statistical analysis.
[image: Figure 5]FIGURE 5 | Flow chart of the proposed probabilistic analysis framework.
3 CASE STUDY
Taking a cohesive soil slope as an example, the influence of strength anisotropy and heterogeneous rotated anisotropy on slope stability is investigated in this section. As shown in Figure 6, the height of the slope is 5m, and the slope angle is 45°. Assuming undrained conditions, the undrained shear strength in the rotated sedimentary direction [image: image] follows the Log-normal distribution. The mean value of [image: image] is 40 kPa, the coefficient of variation of [image: image] is 0.2, and the scale of fluctuation in the rotated sedimentary direction ([image: image]) is 1.0 m. Other soil parameters are assumed to be determined values. The weight of soil [image: image] is 20 [image: image], the elastic modulus [image: image] is 100[image: image], and the Poisson's ratio [image: image] is 0.3.
[image: Figure 6]FIGURE 6 | Slope geometry model.
3.1 Deterministic analysis
The deterministic analysis is conducted first using the developed finite element algorithm introduced in Section 2.4. All soil parameters are considered as determined values. Take 40 kPa as the value of [image: image] which is the undrained shear strength in the rotated sedimentary direction to conduct the deterministic analysis. Four schemes named Schemes A1∼A4 are adopted, in which the strength anisotropy coefficients are 0.4, 0.6, 0.8, and 1.0, respectively. Figure 7 shows the [image: image] variation with the rotational angles under different strength anisotropy coefficients. It can be seen that the strength anisotropy coefficient has a significant influence on slope stability. When the strength anisotropy coefficient is 1.0 (Scheme A4), the [image: image] of the slope is 2.16, and it does not vary with rotational angles. There is little difference between this calculated result and the result 2.18 obtained by Cheng et al. (2017) using FLAC software, which confirmed the validity of the developed algorithm. When the strength anisotropy coefficient is little than 1.0, the variation law of [image: image] with rotational angles is almost the same. As the rotational angle increases, the [image: image] first increases, then decreases, and then increases again. The greatest value of [image: image] appears at 30[image: image], and the slope is a reverse slope at this time. The smallest value of [image: image] appears between 105[image: image] and 120[image: image]. The slope is a dip slope at this time. This change pattern is consistent with the usual pattern of “dip slopes are prone to failure, while reverse slopes are less prone to failure.” The rotational angle corresponding to the minimum safety factor decreases as the strength anisotropy coefficient decreases. In addition, the smaller the strength anisotropy coefficient, the smaller the undrained shear strength perpendicular to the rotated sedimentary direction, and the lower the stability of the slope under the same rotational angle.
[image: Figure 7]FIGURE 7 | Variation of FS with rotational angles under different strength anisotropy coefficients.
3.2 Stochastic analysis
3.2.1 Simulation of rotational anisotropy random field of soil parameters
To consider the impact of rotational anisotropy of soil parameters on slope stability, the rotational anisotropy random field of soil parameters should be generated first. The steps for generating rotational anisotropy random field of soil parameters are introduced in Section 2.3. Figure 8 shows the random field of undrained shear strength [image: image] when the heterogeneous anisotropy coefficient [image: image] is 10.0, and the rotational angle [image: image] is 120[image: image]. It can be seen that the generated random field effectively simulates the characteristics of spatial variation of soil parameters and the rotation of strata. When the strength anisotropy coefficient [image: image] is 0.6, the undrained shear strength [image: image] is 0.6 times as much as [image: image] for the same element.
[image: Figure 8]FIGURE 8 | Random field of undrained shear strength [image: image].
3.2.2 Determination of the number of simulations
To obtain accurate statistics of [image: image] and reduce the calculation amount, it is necessary to determine an appropriate number of simulations. The number of simulations is taken as 2000, the strength anisotropy coefficient [image: image] is taken as 0.6, the heterogeneous anisotropy coefficient [image: image] is taken as 10.0, and the rotational angle [image: image] is taken as 120[image: image]. Then, use the proposed algorithm introduced in Section 2.4 to conduct the stochastic analysis. The results are shown in Figure 9. It can be seen that when the number of simulations is greater than 1000, the mean value and the coefficient of variation of [image: image] are stable. Therefore, 1000 is taken as the number of simulations in this paper.
[image: Figure 9]FIGURE 9 | Variations of statistics of [image: image] with the number of simulations.
3.2.3 Influence of strength anisotropy and heterogeneous rotated anisotropy on slope stability
To study the influence of strength anisotropy and heterogeneous rotated anisotropy on slope reliability, 16 calculation schemes (shown in Table 1) with different strength coefficients, heterogeneous anisotropy coefficients, and rotational angles, are adopted to conduct the slope stability analysis.
TABLE 1 | Parameters of various calculation schemes.
[image: Table 1]Assuming [image: image] obey the normal distribution. Therefore, the reliability index denoted as [image: image], can be calculated by Equation 9:
[image: image]
where [image: image] and [image: image] are the mean value and standard deviation of [image: image], respectively. The variation of statistics of [image: image] with rotational angles under the same heterogeneous anisotropy coefficient and different strength anisotropy coefficient conditions is shown in Figures 10–13. It can be seen that the statistics of [image: image] including mean value, coefficient of variation, and reliability index, vary with rotational angles except for Scheme 4. When the strength anisotropy coefficient is 1.0, and the heterogeneous anisotropy is 1.0 (Scheme 4), the mean value, the coefficient of variation of [image: image], and the reliability index do not change with the increase of the rotational angle. In Scheme 4, the mean value and the coefficient of variation of [image: image] are 2.06 and 0.025, which is generally consistent with the results calculated by Cheng et al. (2017) using FLAC software. For other schemes, the mean value of [image: image] increases first, then decreases, and then increases with the increase of the rotational angle. The relationship curve between the mean value of [image: image] and the rotational angle is influenced by the strength anisotropy coefficient. When the strength anisotropy coefficient is greater, the mean value of [image: image] varies weaker as the rotational angle increases. The relationship curve between the mean value of [image: image] and the rotational angle with a greater strength anisotropy coefficient is always above that with a smaller strength anisotropy coefficient. It means that if the strength anisotropy coefficient is ignored (i.e., the strength anisotropy coefficient is taken as 1.0), the mean value of [image: image] will be overestimated. The mean value of [image: image] versus rotational angle curves of the 16 schemes are the compared with that of Schemes A1∼A4. Note that in Schemes A1∼A4, only the strength anisotropy is considered in the slope stability analysis, and the heterogeneous rotated anisotropy is not considered. It can be seen that when the heterogeneous rotated anisotropy is considered, the change law of the mean value of [image: image] with the rotational angle is the same as that when only the strength anisotropy is considered. But the mean value of [image: image] is smaller than that only the strength anisotropy is considered. This is because when calculating the [image: image] of the slope, the program will automatically search for the route with the weakest undrained shear strength and form the corresponding sliding surface. The influence of elements with lower undrained shear strength on the slope stability calculation is more important than that of elements with higher undrained shear strength.
[image: Figure 10]FIGURE 10 | Variation of statistics of [image: image] with rotational angles (λ = 1.0). (a) Mean value of [image: image]. (b) Coefficient of variation of [image: image]. (c) Reliability index.
[image: Figure 11]FIGURE 11 | Variation of statistics of [image: image] with rotational angles (λ = 5.0). (a) Mean value of [image: image]. (b) Coefficient of variation of [image: image]. (c) Reliability index.
[image: Figure 12]FIGURE 12 | Variation of statistics of [image: image] with rotational angles (λ = 10.0). (a) Mean value of [image: image]. (b) Coefficient of variation of FS. (c) Reliability index.
[image: Figure 13]FIGURE 13 | Variation of statistics of [image: image] with rotational angles (λ = 15.0). (a) Mean value of [image: image]. (b) Coefficient of variation of [image: image]. (c) Reliability index.
The coefficient of variation of [image: image] is also influenced by the rotational angle except for Scheme 4. The change law of the coefficient of variation of [image: image] with the rotational angle is relatively complicated. In Schemes 1∼3, the heterogeneous anisotropy coefficient is 1.0, and the variation of the coefficient of variation of [image: image] with the rotational angle is all due to the strength anisotropy. There are multiple extremes on the curve of the coefficient of variation of [image: image] versus the rotational angle in Schemes 1∼3. With different strength coefficients, the rotational angles corresponding to the extreme points are different. For other schemes, the change law of the coefficient of variation of [image: image] with the rotational angle is almost the same. When the strength anisotropy coefficient is greater than 0.4, with the increase of the rotational angle, the coefficient of variation of [image: image] decreases first, then increases, and then decreases again. The minimum and the maximum values of the coefficient of variation of [image: image] are related to the strength anisotropy coefficient and the heterogeneous anisotropy coefficient. Whereas the rotational angles corresponding to the minimum and maximum values are relatively fixed and less affected by these two coefficients, which are located at about [image: image] ∼[image: image] and [image: image], respectively. When the strength anisotropy coefficient is 0.4, the strength anisotropy of soil is strong and the influence on the relationship curve between the coefficient of variation of [image: image] and the rotational angle is also stronger. At this time, the change law of the coefficient of variation of [image: image] with the rotational angle is more complicated. The strength anisotropy coefficient also has an important influence on the value of the coefficient of variation of [image: image]. When the strength anisotropy coefficient is smaller, the coefficient of variation of [image: image] is greater under the same rotational angle, and the coefficient of variation of [image: image] varies more strongly with the rotational angle. The curve of the coefficient of variation of [image: image] versus the rotational angle with smaller strength anisotropy coefficient is usually above that with greater strength anisotropy coefficient.
As for the reliability index, the change law of the reliability index with the rotational angle is similar to that of the mean value of [image: image] with the rotational angle. For the schemes except for Schemes 3 and 4, the reliability index increases first, then decreases, and then increases again. The positions of the minimum and maximum values are influenced by the strength anisotropy coefficient. As the strength anisotropy increases, the positions of the minimum and maximum values will move to the right, i.e., the corresponding rotational angle increases. If the strength anisotropy is not considered, the reliability index of the slope will be overestimated, and the most unfavorable rotational angle of the strata will be significantly different from the actual situation.
To better study the influence of the heterogeneous anisotropy coefficient on slope stability, the calculation results of the 16 schemes are drawn with the same strength anisotropy coefficient and different heterogeneous anisotropy coefficients (see Figures 14–17). It can be seen that under the same strength anisotropy coefficient, with the increase of the heterogeneous anisotropy coefficient, there is little difference in the curves of the mean value of [image: image] versus the rotational angle, whereas there is a significant difference in the curves of the coefficient of variation of [image: image] versus the rotational angle. Under the same rotational angle, with the increase of the heterogeneous anisotropy coefficient, the coefficient of variation of [image: image] increases, and the relationship curve between the coefficient of variation of [image: image] and the rotational angle will also move up. Under different heterogeneous anisotropy coefficients and the same strength anisotropy coefficient, the change law of the coefficients of variation of [image: image] with the rotational angle is almost the same except for Schemes 1∼4 (heterogeneous anisotropy coefficient is 1.0). The change law is that with the increase of the rotational angle, the coefficient of variation of [image: image] generally decreases first, then increases and then decreases again. When the strength anisotropy is greater than 0.4, the change law is stable and the positions of the minimum and maximum values are almost the same. When the strength anisotropy is 0.4, the overall change law is the same, but some fluctuations exist. The relationship curves between the reliability index and the rotational angle with different heterogeneous anisotropy coefficients and the same strength anisotropy coefficient have obvious differences, which indicates that the heterogeneous anisotropy coefficient has an important influence on the reliability index of the slope. With the increase of the heterogeneous anisotropy coefficient, the relationship curves between the reliability index and the rotational angle move down. The rotational angles corresponding to the minimum and maximum values of the reliability index are little influenced by the heterogeneous anisotropy coefficient under the same strength anisotropy coefficient (except for Schemes 1∼4).
[image: Figure 14]FIGURE 14 | Variation of statistics of [image: image] with rotational angles (k = 0.4). (a) Mean value of [image: image]. (b) Coefficient of variation of [image: image]. (c) Reliability index.
[image: Figure 15]FIGURE 15 | Variation of statistics of [image: image] with rotational angles (k = 0.6). (a) Mean value of [image: image]. (b) Coefficient of variation of [image: image]. (c) Reliability index.
[image: Figure 16]FIGURE 16 | Variation of statistics of [image: image] with rotational angles (k = 0.8). (a) Mean value of [image: image]. (b) Coefficient of variation of [image: image]. (c) Reliability index.
[image: Figure 17]FIGURE 17 | Variation of statistics of [image: image] with rotational angles (k = 1.0). (a) Mean value of [image: image]. (b) Coefficient of variation of [image: image]. (c) Reliability index.
4 CONCLUSION
In this paper, a probabilistic analysis framework of slope stability considering the coupled effect of strength anisotropy and heterogeneous rotated anisotropy is proposed. The slope stability under different degrees of strength anisotropy and heterogeneous rotated anisotropy is analyzed. The main conclusions can be drawn as follows:
(1) The proposed probabilistic analysis framework of slope stability considering the coupled effect of strength anisotropy and heterogeneous rotated anisotropy is effective.
(2) Under the same rotational angle, the [image: image] calculated when considering the strength anisotropy is smaller than that when neglecting the strength anisotropy, and the mean value of [image: image] calculated when considering the spatial variability of soil parameters is smaller than the [image: image] of the corresponding homogeneous soil slope. If the strength anisotropy or the heterogeneous rotated anisotropy is not considered, the stability of the slope will be overestimated.
(3) The strength anisotropy coefficient, the heterogeneous anisotropy coefficient, and the rotational angle have important effects on slope stability. The mean value of [image: image] varies greatly with the strength anisotropy coefficient and the rotational angle, and is not sensitive to the heterogeneous anisotropy coefficient. Generally speaking, the smaller the strength anisotropy coefficient and the larger the heterogeneous anisotropy coefficient are, then the smaller the mean value of [image: image] is, the larger the coefficient of variation of [image: image] is, and the smaller the reliability index is.
(4) The rotational angles corresponding to the minimum and maximum values of the reliability index are greatly influenced by the strength anisotropy coefficient but are less affected by the heterogeneous anisotropy coefficient. With the increase of the strength anisotropy coefficient, the safest rotational angles can increase from 30[image: image] to 75[image: image], and the most dangerous rotational angles can increase from 120[image: image] to 165[image: image]. However, with the increase of the heterogeneous anisotropy coefficient, the safest and most dangerous rotational angles are almost the same.
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