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Aiming at the influence factors and their action regulation of the slope stability in the coal measure strata of Beijing–Hong Kong & Macao Expressway, the influence characteristics of injection dip angle of rock stratum, thickness and strength parameters of the soft interlayer, slope height and size of slope angle on the slope safety factor are systematically studied by using the limit equilibrium method theory. The influence of slope height, thickness of weak interlayer and shear strength parameters on the stability of slope in coal measure strata with different dip angles is that the safety factor decreases first and then increases with the increase of strata dip angle. The minimum safety factor of slope under the action of each factor is near the strata dip angle of 30°, which indicates that the stability of slope in coal measure strata is poor when the dip angle of rock stratum is about 30°. With the increase of slope angle, the minimum safety factor decreases. However, when the slope angle is less than 40°, the slope is in a stable state and the dip angle of the strata do not affect the stability of the slope. Slopes with different slope angles have the minimum safety factor that is not affected by slope height. The difference between analytical solution and numerical solution is analyzed. The research provides a theoretical basis for the treatment of slopes in coal measure strata and has certain practical significance.
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1 INTRODUCTION
Coal measures strata are sedimentary rocks containing soft coal seam structure, which are roughly continuous deposition with each other and are closely related in Genesis. The carbonaceous mudstone and shale in the strata are weak, with large carbon content, strong heat absorption, easy weather and disintegrate. It is greatly affected by drying and soaking activation, and this process is irreversible. The typical engineering geological characteristics of the rock-soil mass in coal measures strata are uneven rock formations, poor interlayer cementation, loose structure, fast weathering speed after excavation, easy softening encountering water, easy destruction of structure leading to loss of strength and so on. Under the action of water and other exogenic forces, it is easy to form the weak zone, which is mostly composed of coal measure strata and weathered material, with the characteristics of water insulation, water content and weak strength. Due to the free face of slope and the softening of thin carbonaceous mudstone under the infiltration of water, the slope in the coal measure strata often collapses along the interface of coal measure strata, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Landslide and collapse of coal measure slope on Beijing–Hong Kong & Macao Expressway. (A) Landslide (B) Collapse.
In view of the particularity of coal-bearing soil, domestic and foreign scholars have carried out research on its mechanical properties. Qing and Huang (2005) studied the change process of material composition of piedmont soft soil and slip zone soil on slope in soft areas of coal strata. Li and Li (2006a) analyzed the chemical constituents of slip zone soil of carbonic mudstone in coal measure strata by X-ray method, and explored the relationship between water content, dry density and strength. Li et al. (2006b) measured the permeability characteristics of various rocks in coal measure strata during the whole stress-strain process by experimental method. Xiong et al. (2011) found that the influence of peak strength of coal-bearing soil on confining pressure in saturated state is greater than that in natural state. Hu et al. (2010), Li et al. (2006b), Cao et al. (2008) studied the influence of water content on the shear strength of coal measure soil and the rheological characteristics of weak structural plane in coal measures. Wang et al. (2010) and Yang et al. (2013) studied the conduction characteristics of the rocks in Huainan and Huaibei coalfield under uniaxial compression, and found that there was a correlation between electrical conductivity and stress (strain). Yang et al. (2012), Chai et al. (2013), and Erguler and Ulusay (2009) studied the improvement performance of the rudaceous soil of coal measure strata. Xia et al. (2013) and Liu et al. (2004) conducted a triaxial creep test of soft rock in coal measure strata in deep well, and proposed a non-linear creep constitutive model of soft rock. Cao et al. (2008) studied the rheological properties of weak structural planes in coal measures through laboratory tests. Wu and Wang (1996) preliminarily studied the relationship between rheological properties of coal rock and its microstructure. Zhu and Hong (2009) and Wang and Hong (2014) carried out laboratory tests and theoretical analysis on the physical and mechanical properties of block and powder coal measure soils in Guangwu Expressway. These basic research results provide theoretical knowledge for understanding the physical and mechanical properties of coal-bearing soil, and also provide a basis for scientific utilization and improvement of coal-bearing soil in engineering.
Coal strata often encounter coal strata in the process of road construction and subgrade excavation, which are more common in southwest China. The investigation found that there have been serious collapse and landslide accidents in the coal measure strata slope of some highway projects in Guangdong Province. There are many coal measure strata in the northern section of Beijing–Hong Kong & Macao Expressway in Guangdong Province, and there are many serious landslide accidents in the coal measure strata slope during operation. The special engineering properties of coal measure strata cause the particularity of its slope stability, which is easy to form stress concentration and deformation along the weak interlayer. There are many factors that cause slope instability, mainly including rainfall, earthquake and human activities (Chen, 2005; Wang et al., 2013). Especially in rainfall, the weak interlayer is easy to form a sliding surface, which will lead to slope deformation (Li et al., 2018). The landslide is generally close to the ground surface. Li (2003) analyzed the stability of high slope in coal measure strata from Xiaotang to Gantang section of Beijing-Zhuhai Expressway, and found that the landslides in coal measure strata are mainly shallow sliding. The stability analysis of slope of coal measure strata mostly focuses on the limit analysis method to study the mechanism of slope instability (Xu et al., 2009; Wang et al., 2013). At present, the research on the influence of rainfall on the stability of coal measure strata slope is mainly focused on the specific practical scheme, and it has not carried on the systematic research on the factors affecting the stability and its sensitivity (Yang and Lu, 2006; Cui et al., 2008; Zhu and Hong, 2009). Due to the characteristics of the coal measure strata, it is inevitable that different grading excavation forms and reinforcement measures will be caused by different formation characteristics in the section of the expressway that needs to be grading excavation. Therefore, from the perspective of economy and safety, there are different grading excavation and support forms for different formation characteristics. It is necessary to study the influence of excavation slope angle on its safety and stability.
In view of the shortcomings in the study of slope in coal measure strata, this paper systematically studies the influence of dip angle of rock stratum, thickness and strength index of weak interlayer, slope height and slope angle on safety factor by numerical simulation method. The variation law of safety factor with several influencing factors is explored, and the theoretical formula for calculating the dip angle of the most dangerous rock stratum is deduced mathematically, which provides a theoretical basis for the stability evaluation and treatment measures of practical engineering.
2 NUMERICAL SIMULATION ANALYSIS OF INFLUENCING FACTORS OF SLOPE STABILITY IN COAL MEASURE STRATA
There are many factors affecting the stability of the slope in coal measures strata, such as the spacing, thickness and strength of weak interlayer in stratum, interlayer angle, groundwater, slope angle and the angle between rock stratum and slope. However, fundamentally, the stability of slope in coal measures strata is mainly depends on the mechanical properties of weak interlayer, which is an important feature of its different from other slopes. In this paper, the slope along the tendency of coal measure strata is taken as the research object. The single factor analysis method is used to study the influence of various factors on the slope stability with the dip angle of rock stratum as the major variable, slope height, thickness and strength of weak interlayer and slope angle as secondary variables based on Slope/W software. It deduces the theoretical formula for calculating the dip angle of the most dangerous rock stratum under different working conditions.
2.1 Numerical calculation model
The slope in coal measure strata with slope angle of 45° and weak interlayer thickness of 60 cm is selected as the basic model. The basic model of calculation is shown in Figure 2. As there are many factors that affect the stability of the slope, and there are mutual influences between them, the problems are complicated. According to the relevant literature (Ha and Zhang, 1994; Li et al., 2018; Shi et al., 2023), it is found that the main factor affecting the landslide is the inclination angle of the weak interlayer in the coal-bearing strata. Therefore, the inclination angle of the weak interlayer is the main factor, and the other is the secondary factor. The selection of influencing factors is shown in Table 1. The calculation parameters are shown in Table 2.
[image: Figure 2]FIGURE 2 | The slope model with the dip angle of rock stratum of 30°.
TABLE 1 | Influencing factors settings.
[image: Table 1]TABLE 2 | Physical and mechanical parameters of materials.
[image: Table 2]2.2 Calculation analysis
2.2.1 The influence of slope height on slope stability
The basic model of slope angle of 45° and weak interlayer thickness of 60 cm is used to study the influence of slope height on slope stability along the tendency of coal measure strata. Under the condition of constant material parameters of coal measure strata, the slope height is set to 20, 30, and 40 m respectively, to analyze the safety factor of the slope corresponding to the dip angle of interlayer 10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80° respectively. The limit equilibrium method is used to solve the slope safety change law under various working conditions, as shown in Figures 3, 4.
[image: Figure 3]FIGURE 3 | The influence of interlayer angle on safety factor at different slope heights.
[image: Figure 4]FIGURE 4 | Influence of slope heights on safety factor at different interlayer angle.
Figure 3 shows that under the condition of a certain height, the safety factor decreases first and then increases with the increase of the inclination angle of the weak interlayer. It is found that each slope height has a minimum safety factor when the dip angle reaches a certain value. When the slope is the minimum safety factor, the slope does not necessarily occur landslide instability, which is only reflected in the minimum safety factor at this dip angle. When the interlayer angle is 30°, the safety factor corresponding to the slope of different heights is the smallest, indicating that the most dangerous dip angle of the interlayer is 30° under the three slope heights. When the interlayer angle is less than 30°, the safety factor decreases rapidly with the increase of the interlayer angle. When the interlayer angle is greater than 30° and less than 60°, the slope safety factor increases rapidly with the increase of the interlayer angle. When the interlayer angle is greater than 60°, the safety factor of the slope increases slowly with the increase of the interlayer angle. When the slope height is 40 m, the variation curve of the safety factor is at the lower part of the other two curves, and the safety factor is the smallest in the case of three slope heights. In the case of the same interlayer angle, the safety factor of the slope decreases with the increase of the slope height. When the slope is 40 m high and the interlayer angle is within the range of 20° and 45°, the slope will undergo landslide instability.
Figure 4 shows that under the same dip angle, the safety factor of the slope basically decreases linearly with the increase of the slope height. When the interlayer angle is within the range of 30° and 60°, the change of the safety factor shows a turning phenomenon. There are differences in the stability of the coal measure with different slope heights. Significant influence is found between the slope height and the dip angle of the interlayer.
2.2.2 The influence of interlayer thickness on slope stability
The basic model of slope angle of 45° and slope height of 50 m is used to study the influence of interlayer thickness on slope stability along the tendency of coal measure strata. The interlayer thickness is set to 40, 60, and 100 cm respectively. Under the condition of a certain thickness of the interlayer, the interlayer dip angles are set to 10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80° respectively. The limit equilibrium method is used to solve the slope safety change law under various working conditions, as shown in Figures 5, 6.
[image: Figure 5]FIGURE 5 | Influence of interlayer angle on safety factor at different interlayer thickness.
[image: Figure 6]FIGURE 6 | Influence of interlayer thickness on safety factor at different interlayer angle.
Figure 5 shows that the safety factor decreases first and then increases with the increase of the dip angle of the weak interlayer under the condition of a certain interlayer thickness. When the dip angle of the interlayer is 30°, the safety factor of the slope is the smallest, and the most dangerous dip angle does not change with the thickness of the interlayer. Different interlayer thickness has no effect on the most dangerous dip angle of rock strata, but the safety factor is different. The thicker the interlayer, the smaller the safety factor. When the dip angle of the interlayer is less than 30°, the safety factor decreases rapidly with the increase of the interlayer angle. When the interlayer dip angle is greater than 30°, the safety factor increases with the increase of the dip angle. When the thickness of the weak interlayer is less than 60 cm, and the interlayer dip angle is not about 30°, the slope will not fail.
Figure 6 shows that when the dip angle of the interlayer is constant, the safety factor of the slope decreases with the increase of the thickness of the interlayer. When the dip angle of the interlayer is 10°, the decrease of the safety factor is the largest with the increase of the thickness of the interlayer. When the dip angle of the interlayer is 70° and 80°, the decrease of safety factor is the smallest. When the dip angle of the interlayer is greater than 60°, the influence of the increase of the thickness of the interlayer on the slope safety factor gradually decreases.
2.2.3 The influence of cohesion on slope stability
The basic model of slope angle of 45°, slope height of 50 m and weak interlayer thickness of 60 cm is used to study the influence of cohesion of weak interlayer on slope stability along the tendency of coal measure strata. The cohesion of weak interlayer is set to 10, 20, and 30 kPa respectively. Under the condition of a certain cohesive of the interlayer, the interlayer dip angles are set to 10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80° respectively. The limit equilibrium method is used to solve the slope safety change law under various working conditions, as shown in Figures 7, 8.
[image: Figure 7]FIGURE 7 | Influence of interlayer angle on safety factor at different interlayer cohesive.
[image: Figure 8]FIGURE 8 | Influence of interlayer cohesive on safety factor at different interlayer angle.
Figure 7 shows that under the condition of certain interlayer cohesion, the safety factor of the slope decreases first and then increases with the increase of the dip angle of the rock stratum. When the dip angle of the rock stratum is 30°, the safety factor of the slope reaches the minimum value, which means that the most dangerous dip angle of the rock stratum is 30° and this angle does not change with the change of the interlayer cohesion. When the dip angle of the rock stratum is less than 60°, the change amplitude of the slope safety factor is large. When the dip angle of the rock stratum is greater than 60°, the increase rate of the slope safety factor decreases with the increase of the dip angle of the rock stratum, which means that the increase of the dip angle of the rock stratum has little impact on the slope safety factor. When the cohesion is less than 20 kPa and the dip angle of the rock stratum is within the range of 20° and 50°, the slope will fail.
Figure 8 shows that the safety factor of the slope increases gradually with the increase of the cohesion of the interlayer when the dip angle of the rock stratum is fixed. When the dip angle of the rock stratum is 60°, 70° and 80°, the safety factor of the slope does not increase significantly with the increase of the cohesion of the interlayer, which is basically in a horizontal straight line. When the dip angle of the rock stratum is greater than 60°, the increase of the cohesion of the interlayer has less influence on the increase rate of the safety factor of the slope.
2.2.4 The influence of internal friction angle of weak interlay on slope stability
The basic model of slope angle of 45°, slope height of 50 m and weak interlayer thickness of 60 cm is used to study the influence of internal friction angle of weak interlayer on slope stability along the tendency of coal measure strata. The internal friction angle of weak interlayer is set to 10°, 15° and 25° respectively. Under the condition of a certain internal friction angle of the interlayer, the interlayer dip angles are set to 10°, 20°, 30°, 40°, 50°, 60°, 70° and 80° respectively. The limit equilibrium method is used to solve the slope safety change law under various working conditions, as shown in Figures 9, 10.
[image: Figure 9]FIGURE 9 | Influence of interlayer dip angle on safety factor at different internal friction angle of weak interlayer.
[image: Figure 10]FIGURE 10 | Influence of internal friction angle of weak interlayer on safety factor at different interlayer dip angle.
Figure 9 shows that the influence of the internal friction angle of the interlayer on the slope safety factor is similar to that of the cohesion of the interlayer. The most dangerous dip angle of the rock stratum is 30° and this angle does not change with the change of the internal friction angle. When the dip angle of rock stratum is less than 60°, the variation amplitude of slope safety factor with the dip angle of rock stratum is larger. When the dip angle of the rock stratum is greater than 60°, the increase rate of the slope safety factor decreases with the increase of the dip angle of the rock stratum, that is, the increase of the dip angle of the rock stratum has little effect on the slope safety factor. When the dip angle of rock stratum is the most dangerous, the friction angle has a great influence on the slope safety factor. When the friction angle is 25°, the slope safety factor is 1.27. When the friction angle is 15°, the safety factor is only 0.978, and the slope has occurred. When the internal friction angle is less than 10°, the slope with the dip angle of 18° and 42° will have landslide.
Figure 10 shows that the safety factor of the slope increases gradually with the increase of the internal friction angle of the interlayer when the dip angle of the rock stratum is constant. When the dip angle of rock stratum is 60°, 70° and 80°, the increase of slope safety factor decreases with the increase of interlayer cohesion, which indicates that when the dip angle of rock stratum is greater than 60°, the increase of interlayer internal friction angle has less influence on the increase rate of slope safety factor.
2.2.5 The influence of slope angle on slope stability
The basic model of slope height of 50 m and weak interlayer thickness of 60 cm is used to study the influence of slope angle on slope stability along the tendency of coal measure strata. The slope angle is set to 30°, 40°, 50° and 60° respectively. Under the condition of a certain slope angle, the interlayer dip angles are set to 10°, 20°, 30°, 40°, 50°, 60°, 70° and 80° respectively. The limit equilibrium method is used to solve the slope safety change law under various working conditions, as shown in Figures 11, 12.
[image: Figure 11]FIGURE 11 | Influence of dip angle of rock stratum on safety factor at different slope angle.
[image: Figure 12]FIGURE 12 | Influence of slope angle on safety factor at different dip angle of rock stratum.
Figure 11 shows that under different slope angles, the safety factor of the slope decreases first and then increases with the increase of the dip angle of the rock stratum, and their safety factor has a minimum value. When the slope angles are 30°, 40°, 50°, and 60° respectively, the rock stratum inclination corresponding to the minimum safety factor will be 20°, 30°, 40°, and 50° respectively. With the gradual increase of slope angle, the most dangerous dip angle of rock stratum is also gradually increasing, and this angle is smaller than the slope angle. When the slope angle is 50°, and the dip angle of the rock stratum is between 20° and 50°, the instability of the slope occurs. When the slope angle is 60° and the dip angle of the rock stratum is between 18° and 68°, the slope will suffer landslide. In the practical engineering of slope treatment, special attention should be paid to the relationship between slope angle and the dip angle of the rock stratum.
Figure 12 shows that under the condition of a certain dip angle of the rock stratum, the safety factor of the slope decreases with the increase of the slope angle. When the dip angle of the rock stratum is 10°, the safety factor of the slope decreases at the minimum, which shows that when the dip angle of the rock stratum is small, the increase of the slope angle will not significantly reduce the safety factor of the slope.
Analyzing the influence characteristics of slope height, thickness and strength index of weak interlayer, and other factors on slope stability at different dip angles of rock stratum, it is found that when the dip angle of rock stratum is around 30°, safety factors of slope are minimum and the stability of slope is poor, which should be noted. When the dip angle of rock stratum is about 30°, cutting slope and improving the strength index of weak interlayer have little effect on slope stability, which provides a reference for the treatment of slope in coal measure strata.
3 THE THEORETICAL OF THE MOST DANGEROUS DIP ANGLE OF SLOPE IN COAL MEASURES STRATA
3.1 Fundamental assumption
The sliding surface of soil slope is usually assumed to be a curved surface. The rock slope with weak interlayer is usually regarded as a straight line or a turning curve, which greatly reduces the difficulty of solving the safety factor of slope by analytical method. On the premise of simplifying the sliding surface into a plane straight line, the existence of the most dangerous dip angle of the rock stratum is theoretically proved.
3.2 Theoretical formula derivation
Suppose a slope is shown in Figure 13, h is the height of the slide block, γ is the weight of the slide body, [image: image] is the internal friction angle on the sliding surface, c is the cohesion on the sliding surface, [image: image] is the slope angle, θ is the slipping angle, the length of sliding surface AC is l, and the thickness of the slope is taken as the unit thickness.
[image: Figure 13]FIGURE 13 | Geometric physical diagram of slope.
Assuming that the slope slides along the weak interlayer zone and the sliding surface is AC plane, then ABC is the sliding block. According to the law of sines of triangle and the height h of the sliding block, the weight of the sliding block can be obtained.
[image: image]
The calculating formula of the down-sliding force on the sliding surface is shown in Eq. 2.
[image: image]
The calculation formula of anti-sliding force is shown in Eq. 3.
[image: image]
The calculation formula of safety factor of the slope is shown in Eq. 4.
[image: image]
In order to prove that there is the most dangerous dip angle in the rock mass of the slope under the condition of a certain slope angle, only the solution of Eq. 4 is needed.
In this paper, the calculation is proved when the slope angle is 45°.
The calculation formula of safety factor of the slope is shown in Eq. 5.
[image: image]
The most dangerous dip angle of the rock strata can be obtained by solving the first-order reciprocal of the angle of the slide crack in Eq. 5 and making it equal to zero.
It can be obtained by a series of simplified calculations on its reciprocal.
[image: image]
If Eq. 6 is equal to 0, it is equivalent to let its molecules equal to zero.
[image: image]
Taking tan [image: image] as an unknown, solving the quadratic equation of one variable can get Eq. 8.
[image: image]
Eq. 8 is the formula for calculating the most dangerous dip angle of rock mass in the slope when the slope angle [image: image] is 45°.
Since the internal friction angle on the sliding surface is small, tan [image: image] is smaller. Compared with the cohesion of the rock mass, it can be ignored, and the simplified calculation formula of the most dangerous dip angle is obtained.
[image: image]
Through analytical calculation, the most dangerous dip angle of rock strata is 23°. This is 8° different from the result of 31° obtained by interpolation from Figure 11. The reason for the analysis is that the numerical analysis method is to use the arc combined with the broken segment method, and the analytical solution is to use the slider overall balance method. Combined with the actual engineering and the calculation model, the analysis of Eq. 4 shows that the safety factor is not related to the slope height and thickness of the interlayer under the condition of a certain slope angle, which accords with the results of numerical calculation. This proves the correctness of the law found by numerical simulation from the theory of physical model and analytical mathematics, and also shows that there exists the most dangerous dip angle in coal measures strata.
4 CONCLUSION
This paper analyzes the engineering geological characteristics of coal measure strata, the physical and mechanical properties of coal measure soil, the deformation and failure mode of coal measure strata slope and its stability influencing factors. The influence of various factors on the stability of coal measure strata slope is analyzed by limit equilibrium method. The conclusions are as follows.
(1) The influence of slope height, weak interlayer thickness and its shear strength parameters on the slope stability of coal measures slope with different dip angles is that the safety factor decreases first and then increases with the increase of dip angle. When the dip angle of rock is greater than 60°, the safety factor increases slowly.
(2) The cohesion of the weak interlayer has the greatest influence on the safety factor of the slope, followed by the slope height, the thickness of the weak interlayer and internal friction angle. When the slope height, the thickness of the weak interlayer and the shear strength parameters change respectively, the minimum safety factor of the slope is the rock dip angle of 30° nearby, which indicate that the stability of the coal measure strata slope is poor when the rock dip angle is about 30°.
(3) With the increase of slope angle, the minimum safety factor of slope decreases, and the dip angle of rock corresponding to the minimum safety factor increases. When the slope angle is less than 40°, the change of rock dip angle has little effect on slope stability, and the slope is in a stable state.
(4) The theory of calculating the instability safety factor of block landslide in coal measures are derived based on the analytical theory. It is proved that there is a minimum safety factor unrelated to the slope height for any slope angle. The difference between analytical solutions and numerical solutions is analyzed, and the universality of the law obtained by numerical calculation is verified.
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