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Introduction: How to solve the contradiction between coal mining and soil and water conservation is a key scientific problem to realize ecological environment protection and high-quality development in the middle reaches of the Yellow River.
Methods: Using FLAC3D numerical simulation experiment method, the influence of loess slope surface shape and coal seam overburden structure coupling on slope movement and deformation is studied.
Results: Under any surface slope shape, the average slope subsidence coefficient (q slope average) increases with the increase of sand layer coefficient after coal mining subsidence. When the sand layer coefficient is less than 0.71, the q slope average increases rapidly, with an increase of more than 2.86%, and when the sand layer coefficient is greater than 0.71, the q slope average tends to be stable. Under any surface slope shape, the q slope average decreases with the increase of sand-mud ratio. When the overburden structure characteristics of any coal seam and the natural slope of the surface slope are less than or equal to 5°, the q slope average of the convex slope is the largest, and the q slope average of the four slope types is ranked as follows: convex slope > straight slope ≈ composite slope > concave slope; When the structural characteristics of overlying strata in any coal seam and the natural slope of surface slope are more than 5°, the q slope average of concave slope is the largest, and the q slope average of four slope types is in the order of concave slope > straight slope ≈ composite slope > convex slope. With the increase of the natural slope of the surface slope, the q slope average first decreases and then increases, and the inflection point is 15°. The influence law of loess slope surface morphology and coal seam overburden structure on the average horizontal movement of slope surface is similar to that of average subsidence of slope surface.
Discussion: The results can provide scientific basis for surface movement and deformation and soil and water conservation in the mining subsidence area of northern Shaanxi in the middle reaches of the Yellow River Basin in China.
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1 INTRODUCTION
As an important disposable energy source in China, coal plays a leading role in the energy structure of China. Based on the energy structure characteristics of China, which is “short of oil, short of gas and relatively rich in coal”, coal resources, as the ballast stone of China’s energy security, will not change in the short term (Wang et al., 2021; Song et al., 2023a; Song et al., 2023c). Even by 2050, the proportion of coal in China’s primary energy consumption will not be less than 40% (Qiu et al., 2022). With the development of coal resources in eastern China, the western region has become the main producing area of coal development (Liu F. et al., 2022; Qiu et al., 2022; Song et al., 2023d), and the middle reaches of the Yellow River have become the center of coal strategic westward movement (Fang et al., 2016; Zhang et al., 2019; Shen et al., 2022). However, the soil erosion in the middle reaches of the Yellow River Basin is serious, and the natural ecology is very fragile. Especially, the mining area in northern Shaanxi and the national key control area of soil erosion with heavy sand and coarse sand in the Yellow River are highly overlapped in space (Song et al., 2022), so that the mining damage problems such as surface deformation, water resources destruction and soil quality degradation caused by coal mining continue to aggravate regional soil erosion (Song et al., 2018; Li, 2019; Li et al., 2019). This is contrary to the important instruction on ecological environment protection in the middle reaches of the Yellow River (Song et al., 2023b) and the requirement of “paying special attention to soil and water conservation in the middle reaches of the Yellow River” in the Outline of Ecological Protection and High-quality Development Plan of the Yellow River Basin. Therefore, how to solve the sharp contradiction between coal mining and soil and water conservation has become a key scientific issue to realize ecological environment protection and high-quality development in the middle reaches of the Yellow River Basin in China.
Scholars at home and abroad have been paying attention to the influence of loess layer on the development characteristics and evolution law of coal mining subsidence, and have obtained a lot of valuable research results from the properties of loess layer such as thickness, vertical joints, collapsibility and physical and mechanical properties. For example, Song et al. (2011) studied the influence of the rock-soil ratio of overlying strata on mining subsidence in the elm bay mining area in northern Shaanxi, and found that the extremely thick loess layer over 100 m has the effect of reducing subsidence coefficient. Tang (2011) thought that the surface subsidence in the loess-covered area in the west is caused by the load of loess layer and the uneven settlement of bedrock, and a two-layer medium prediction model of coal mining subsidence considering the effect of the thick loess layer is established through numerical simulation test. Tang F. Q. et al. (2019) studied the quantitative relationship between the equivalent load of loess layer and equivalent mining width, depth and bedrock subsidence, and established a two-medium model to simulate the interaction between loess layers based on random medium theory. The natural form (slope) of loess layer on the surface, as a direct embodiment of the complex topography in the loess gully region, is not only an important geological factor affecting the coal mining subsidence, but also an important topographic basis for shaping the final form of the surface after subsidence, so that there is obvious mutual feedback effect between “the shape and deformation of loess slope” and “the characteristics and laws of coal mining subsidence”. However, it is not enough to study and reveal the influence of coal mining subsidence on the surface loess slope shape from the perspective of feedback. As a typical sedimentary mineral, the overburden structure of coal is not only a very significant and important geological condition, but also a carrier for the upward spread of underground mining activities (Song et al., 2011). The sand layer coefficient of coal seam overburden reflects the quantitative characteristics of rock strata in overburden, and the sand-mud ratio of coal seam overburden reflects the overall lithologic characteristics of overburden. The characteristics of strata in the overlying strata structure of coal measures determine the overall shape and panorama of the surface subsidence basin, and mining subsidence will show completely different basic characteristics and laws under different overlying strata structure conditions.
In view of this, taking the loess gully region in Northern China as the research area, this paper studies and reveals the influence of coal mining subsidence on the surface loess slope shape (slope and slope length) under the coupling effect of “the structure of coal seam overburden and the natural shape of surface loess slope” by using the numerical simulation experiment method, with a view to enriching and deepening the research on the law of soil erosion in the coal mining subsidence area and providing scientific basis for soil and water conservation in northern Shaanxi coal mining area in the middle reaches of the Yellow River Basin in China.
2 OVERVIEW OF THE RESEARCH AREA
Located in the north of Shaanxi Province, China, the coal mining area in northern Shaanxi Province generally refers to Yushenfu mining area, including two relatively large mining areas, Yushen and Shenfu mining area, so it is also collectively referred to as the northern Shaanxi coal mining area (see Figure 1). The length of northern Shaanxi coal mining area is about 84 km in the east-west direction and 85 km in the North-South direction, and the whole coal mining area is about 7,139.7 km2 (Liu et al., 2021; Song et al., 2021; Shang et al., 2022). The overall terrain is high in the northwest and low in the southeast, and the altitude is within the range of 1,200–1300 m (Wang, 2020; Pei et al., 2023). According to the genesis and morphological characteristics of the landform in the mining area, it can be divided into three types: wind-blown sand landform, loess landform and valley landform, among which the loess landform can be divided into loess ridge landform, sand cover loess ridge landform and loess hilly landform. It is cold in winter in this area, with low humidity and temperature. The annual average temperature ranges from 6.2°C to 8.5°C, and there is little precipitation, mainly from July to September (Song et al., 2023e; Ma et al., 2023), and the annual rainfall ranges from 194.7 to 531.6 mm. The vegetation types in the study area are single, mainly including Salix psammophila, Artemisia selengensis, Sabina vulgaris and Caragana korshinskii. The geological structure in the area is simple, 2−2 coal is the main coal seam, and the thickness of coal seams is above 2 m, with the maximum thickness of 12.5 m. The overall characteristics of coal seams are shallow burial, large thickness and thin overlying bedrock, which has good mining conditions. The mining method in the mining area is mainly longwall fully mechanized mining, which is easy to cause environmental geological problems. Coal mining and roadway excavation will produce a large area of mined-out area underground, and the collapse of mined-out area will lead to the caving and bending subsidence of overlying strata, and cracks and surface subsidence will appear in different degrees all over the mining area (Shao et al., 2015). The ecological environment of mining areas in Northern Shaanxi is fragile, with drought and little rainfall all the year round and large evaporation. It is the key control area of soil erosion in Shaanxi Province, China, with serious soil erosion for many years, with soil erosion modulus exceeding 5,000 t/(km2a) (Song et al., 2021). Secondly, the surface damage and soil erosion caused by coal mining in this area are very representative, so the northern Shaanxi mining area in China is chosen as the research area.
[image: Figure 1]FIGURE 1 | Geographical location map of mining area [see figures (A–C) for mining area, loess hilly landform and ground fissures].
3 MODEL CONSTRUCTION AND NUMERICAL SIMULATION EXPERIMENT
3.1 Model construction
Based on the overlying strata structure and loess slope shape of coal seam in northern Shaanxi coal mining area, a numerical model framework is designed.
3.1.1 Frame selection
According to the survey data, the type of floor-coal seam-bedrock-loess layer in the actual geological occurrence structure of 2−2 main coal seam in the study area accounts for more than 60% (Wang et al., 2010), so it is used as the basic framework of the model.
3.1.2 Structural design of loess layer
Firstly, the topography of the mining area in northern Shaanxi is complex. In order to more accurately express the slope shape of the surface loess layer, we divide the loess layer into two sections. Secondly, the mining area in Northern Shaanxi is covered by loess, and the loess layer is thick. From the point of view of numerical model construction, it is necessary to maintain the consistency and integrity of the overlying geotechnical structure of coal seams on both sides of the model, so the loess layer is divided into two sections. In addition, Song et al. (2016) found that the mining depth will have an important influence on the deformation of the surface slope during coal mining. In order to eliminate the influence of mining depth on mining subsidence as much as possible, we divide the loess layer into two sections, the upper section is a slope section and the lower section is a horizontal section.
3.1.3 Surface slope shape design
According to the results of detailed geological survey carried out by predecessors in the study area, the slope of loess slope in northern Shaanxi mining area is mainly between 6° and 40°, and according to China’s Soil Erosion Classification and Classification Standard (SL190-2007), the slope is set to 5 slopes, which are 5°, 15°, 25°, 35°, and 45° in turn. The external morphology of loess slope is set to four types: straight slope, concave slope, convex slope and compound slope. The design of slope and slope shape covers all types of surface slope morphology in the study area.
3.1.4 Design of overlying strata structure
According to the detailed geological survey results carried out by predecessors in the study area, the overlying bedrock of 2−2 coal seam in the whole area is mainly composed of sandstone and mudstone, and the number of sandstone layers is generally 5–15, with a maximum of 35. The thickness ratio of sandstone and mudstone in bedrock is between 60% and 80%, so the sand-mud ratio (reflecting the overall lithologic characteristics of overlying strata) is selected as 6:4 and 8:2. The sand coefficient (reflecting the quantitative characteristics of strata in overlying strata) is 0.67, 0.71, and 0.75.
3.1.5 Geometric parameter design of numerical model frame
Set all models to be 1,000 m long in the X direction, 300 m wide in the Y direction, 295 m high at the top of the slope in the Z direction and 235 m high at the bottom of the slope. Set the floor thickness to be 10 m, the coal seam thickness to be 5 m, the overlying bedrock thickness to be 210 m, the maximum thickness of loess layer to be 70 m, and the lower section thickness to be 10 m.
According to the above variables, 120 different models are constructed.
3.2 Numerical simulation experiment process
In the study area, the thickness of coal seam is 5 m, and in the simulation process, the mining height is cut at one time. In the process of model excavation, the working face is gradually advanced from left to right, and the excavation is once every 50 m, and the ground surface begins to sink and move horizontally until the operation is stopped due to full mining. Take 25° compound slope with sand-mud ratio of 8:2 and sand layer coefficient of 0.75 as an example, and its three-dimensional numerical model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Three-dimensional numerical model diagram of 25° compound slope.
3.2.1 Setting of physical and mechanical parameters
According to the representative geological drilling and geotechnical test data, the physical and mechanical parameters of each geotechnical layer in the model are assigned, and the results are shown in Table 1.
TABLE 1 | Physical and mechanical parameters of rock and soil layers.
[image: Table 1]3.2.2 Boundary condition setting
Mohr Coulomb model is selected in FLAC3D numerical simulation software, and the constraint conditions of the model are set according to the actual excavation situation of the model. Firstly, the front, back, left, right and lower boundaries of the model are defined as fully constrained boundaries, and the upper part of the model is loess layer, which will move in both horizontal and vertical directions after full mining, and is defined as free boundary.
3.2.3 Data extraction and calculation
Through the simulation experiment, the surface subsidence and horizontal movement of each model on the slope are extracted by Fish language, and the extracted data are converted into coordinates to represent the shape of the slope after subsidence. Irregular slope gradient and slope length are replaced by uniform slope under the same conditions (Song et al., 2011). The average slope length of the typical loess slope in the coal mining subsidence area of northern Shaanxi is 50 m. The upper 10 m of the subsidence slope is divided into the top, the middle 30 m is divided into the middle and the lower 10 m is divided into the toe. A monitoring point is arranged every 2 m on the loess slope, and a total of 25 monitoring points are evenly arranged, including 5 monitoring points at the top of the slope, 15 monitoring points at the middle of the slope and 5 monitoring points at the foot of the slope. The subsidence coefficient q slope at the toe of the slope (the maximum subsidence and mining height ratio at the toe of the slope) and the average subsidence coefficient q slope average (the weighted average of subsidence and mining height ratio at the top, middle and toe of the slope, in which the weights of monitoring points at the top, middle and toe of the slope are 1/5, 3/5 and 1/5 respectively) are adopted to analyze the overlying strata structure of coal seam. According to the extracted monitoring point data, the horizontal movement of each model is calculated (the translation momentum of all monitoring points on the slope is averaged). Because the moving direction of the model slope is consistent with the advancing direction of the working face, it is a positive value, which is represented by the u slope average.
4 RESULTS AND ANALYSIS
4.1 Influence of coal mining subsidence on average subsidence of slope surface
According to the extracted monitoring point data, the subsidence coefficient at the toe of different models and the average subsidence coefficient of the whole slope are calculated, and the calculation results are shown in Table 2. It can be seen from Table 2 that when the subsidence coefficient q slope at the foot of the model is used to analyze the loess slope movement law, the difference of subsidence coefficient among the models is too small, and there is no obvious law. However, when the subsidence coefficient q slope average is used to analyze the loess slope movement law, the q slope average can represent the movement and deformation of the whole slope. Under the coupling effect of different loess slope shapes and coal seam overburden structure, the subsidence coefficients among the models are also obviously different, so the q slope average is used to analyze the loess slope movement and deformation.
TABLE 2 | Average subsidence coefficient and average displacement of loess slope after full mining.
[image: Table 2]4.1.1 Influence of overlying strata structure on average subsidence coefficient of slope surface
4.1.1.1 Influence of sand layer coefficient on average subsidence coefficient of slope surface
According to the data in Table 2 and Figure 3 is drawn, as shown in the figure below.
[image: Figure 3]FIGURE 3 | Comparison of average subsidence coefficient changes of slopes with different slopes under the coupling effect of loess slope shape and sand-mud ratio of coal seam overlying strata [see Figures (A–D) for straight slopes, concave slopes, convex slopes and composite slopes].
From Table 1 and Figure 3, it can be seen that under any coupling type of loess slope surface shape and sand-mud ratio of coal seam overburden, the q slope average will show an increasing trend with the increase of sand layer coefficient. Specifically:
Under the coupling effect of “sand-mud ratio of coal seam overburden is 6:4+arbitrary slope shape and natural slope ≤45°”, with the sand bed coefficient increasing from 0.67 to 0.71, the increase range of straight slope’s q slope average is 2.86%–5.80%, the increase range of concave slope’s q slope average is 4.48%–7.14%, the increase range of convex slope’s q slope average is 4.23%–7.25%, and that of compound slope is 4.35%–5.80%. Under the coupling effect of “sand-mud ratio of coal seam overburden is 8:2+arbitrary slope shape and natural slope ≤45°”, with the sand layer coefficient increasing from 0.67 to 0.71, the increase range of straight slope’s q slope average is 3.17%–5.88%, the increase range of concave slope’s q slope average is 3.08%–7.14%, the increase range of convex slope’s q slope average is 4.84%–7.94%, and that of compound slope is 4.62%–6.35%. However, under the coupling effect of “sand-mud ratio of overlying strata in any coal seam+arbitrary slope shape of surface and natural slope ≤45°”, with the increase of sand bed coefficient from 0.71 to 0.75, the q slope average has no obvious change and gradually tends to be stable. Therefore, it can be seen that the q slope average is obvious when the sand layer coefficient of coal seam overburden is ≤0.71, but the q slope average is stable after the sand layer coefficient is >0.71.
Under the coupling effect of “sand-mud ratio of coal seam overburden is 6:4+arbitrary slope shape and natural slope ≤45°”, with the sand bed coefficient increasing from 0.67 to 0.71, the increase speed of straight slope’s q slope average is 0.5–1, the increase speed of concave slope’s q slope average is 0.75–1.25, the increase speed of convex slope’s q slope average is 0.75–1.25 and that of composite slope is 0.5–1. Under the coupling effect of “sand-mud ratio of coal seam overburden is 8:2+arbitrary slope shape and natural slope ≤45°”, with the sand bed coefficient increasing from 0.67 to 0.71, the increase speed of straight slope’s q slope average is 0.5–1, the increase speed of concave slope’s q slope average is 0.5–1, the increase speed of convex slope’s q slope average is 0.75–1.25 and that of composite slope is 0.75–1. However, under the coupling effect of “sand-mud ratio of overlying strata in any coal seam+arbitrary slope shape and natural slope ≤45°”, with the increase of sand bed coefficient from 0.71 to 0.75, the increase speed of the q slope average has no obvious change and gradually tends to be stable. Therefore, it can be seen that the influence of the overburden sand coefficient of the coal seam on the q slope average is mainly manifested in two stages: when the overburden sand coefficient of the coal seam is ≤0.71, the increase speed of the q slope average is obvious, and it is sensitive to the change of the sand coefficient; When the overburden sand coefficient is >0.71, the increase speed of the q slope average does not change obviously, and the influence of the sand coefficient on the q slope average is weakened.
4.1.1.2 Influence of sand-mud ratio on average subsidence coefficient of slope surface
According to the data in Table 2, the comparison chart of the decline rate of the q slope average when the sand-mud ratio is 8:2 compared with the sand-mud ratio is 6:4 is drawn, as shown in Figure 4 below.
[image: Figure 4]FIGURE 4 | Comparison chart of decline rate of the q slope average with sand-mud ratio of 8:2 to 6:4.
As can be seen from Table 2 and Figure 4, with the increase of overburden sand coefficient of the coal seam, the decline rate of the q slope average with sand-mud ratio of 8:2 is gradually reduced compared with that of the q slope average with sand-mud ratio of 6:4. Specifically, when the sand layer coefficient is 0.67, the corresponding decline rate of the q slope average is the largest, and the decline rates of straight slope, concave slope, convex slope and composite slope are 6.76%, 6.16%, 6.47%, and 6.63% in turn. When the sand coefficient is 0.71, the decline rates of the q slope average corresponding to the four slope shapes are 5.98%, 6.00%, 5.82%, and 5.61% in turn. When the sand layer coefficient is 0.75, the decline rate of the corresponding q slope average is the smallest, and the decline rates of the four slope shapes are 5.03%, 5.95%, 5.57%, and 5.38% respectively. It can be seen that the decline rate of the q slope average decreases with the increase of sand layer coefficient, and the greater the sand layer coefficient, the weaker the influence of sand-mud ratio on the q slope average.
4.1.2 Influence of loess slope surface morphology on average subsidence coefficient of slope surface
4.1.2.1 Influence of slope gradient on average subsidence coefficient of slope surface
According to the data in Table 2, the average contrast map of the q slope average under the coupling effect of different coal seam overburden structure and loess slope shape is drawn, as shown in Figure 5 below. From Table 2 and Figure 5, it can be seen that under the coupling effect of loess slope gradient and coal seam overburden structure, the q slope average first decreases and then increases with the increase of loess slope gradient, specifically:
[image: Figure 5]FIGURE 5 | Comparison chart of average subsidence coefficient changes under the coupling effect of overburden structure of coal seam (sand-mud ratio of 6:4 is shown on the left and sand-mud ratio of 8:2 is shown on the right) and loess slope surface [straight slope, concave slope, convex slope and composite slope are shown in Figures (A–D)].
Under the coupling effect of “overburden sand coefficient of any coal seam and sand-mud ratio 6:4+arbitrary slope shape and natural slope ≤15°”, with the natural slope increasing from 5° to 15°, the decline rate of the straight slope’s q slope average is 13.89%–15.71%, the decline rate of the concave slope’s q slope average is 8.45%–10.45%, the decline rate of the convex slope’s q slope average is 21.62%–23.94%, and that of the compound slope is 12.50%–15.94%. Under the coupling effect of “overburden sand coefficient of any coal seam and sand-mud ratio 8:2+arbitrary slope shape and natural slope ≤15°”, with the natural slope increasing from 5° to 15°, the decline rate of the straight slope’s q slope average is 13.43%–14.49%, the decline rate of the concave slope’s q slope average is 6.06%–9.68%, the decline rate of the convex slope’s q slope average is 21.43%–21.74%, and that of the compound slope is 10.29%–13.43%. It can be seen that when the natural slope is ≤15°, the q slope average decreases with the increase of slope, and reaches the minimum when the slope is 15°.
Under the coupling effect of “overburden sand coefficient of any coal seam and sand-mud ratio 6:4+arbitrary slope shape of the surface and 15° < natural slope ≤45°”, with the increase of natural slope from 15° to 45°, the increase rate of straight slope’s q slope average is 10.77%–13.04%, the increase rate of concave slope’s q slope average is 8.82%–9.86%, and the increase rate of convex slope’s q slope average is 13.11%–13.85%, and that of compound slope is 9.23%–11.59%. Under the coupling effect of “overburden sand coefficient of arbitrary coal seam and sand-mud ratio of 8:2+arbitrary slope shape of surface and 15° < natural slope ≤45°”, with the increase of natural slope from 15° to 45°, the increase rate of straight slope’s q slope average is 7.94%–10.77%, the increase rate of concave slope’s q slope average is 9.23%–11.94%, and the increase rate of convex slope’s q slope average is 11.29%–13.33%, and that of compound slope is 7.94%–10.61%. It can be seen that the q slope average increases with the increase of slope when “15° < natural slope ≤45°”, and reaches the maximum when the slope is 45°.
4.1.2.2 Influence of slope shape on average subsidence coefficient of slope surface
According to the data in Table 2, the average contrast map of the q slope average under the coupling effect of different coal seam overburden structure and loess slope surface gradient is drawn, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | (Continued)
From Table 2 and Figure 6, it can be seen that under the coupling effect of loess slope shape and coal seam overburden structure, the change law of the q slope average is different, specifically:
Under the coupling effect of “overburden sand coefficient of any coal seam and sand-mud ratio of 6:4+arbitrary slope shape and natural slope of 5°”, with the sand coefficient increasing from 0.67 to 0.71, the q slope average of straight slope is 0.7, 0.72 and 0.72, the q slope average of concave slope is 0.67, 0.70 and 0.71, and the q slope average of convex slope is 0.71, 0.74,0.74, the q slope average of compound slope is 0.69, 0.72 and 0.72. Under the coupling effect of “overburden sand coefficient of any coal seam and sand-mud ratio of 8:2+arbitrary slope shape and natural slope of 5°”, with the sand coefficient increasing from 0.67 to 0.71, the q slope average of straight slope is 0.64, 0.67 and 0.69, the q slope average of concave slope is 0.62, 0.65 and 0.66, and the q slope average of convex slope is 0.65, 0.69,0.70, the q slope average of compound slope is 0.63, 0.67 and 0.68. It can be seen that when the natural slope is ≤5°, the q slope average of convex slope is the largest, while that of concave slope is the smallest, and the q slope average between straight slope and compound slope is not big, which has obvious homogeneity. The q slope average of four slopes is convex slope > straight slope ≈ compound slope > concave slope.
Under the coupling effect of “overburden sand coefficient of arbitrary coal seam and sand-mud ratio 6:4+arbitrary slope shape of surface and 5° < natural slope ≤45°”, with the sand coefficient increasing from 0.67 to 0.71, the q slope average of straight slope is 0.66, 0.70 and 0.71, and the q slope average of concave slope is 0.68, 0.72, 0.74, the q slope average of convex slope is 0.62, 0.66, 0.67 and the q slope average of compound slope is 0.66, 0.69, 0.71. Under the coupling effect of “overburden sand coefficient of arbitrary coal seam and sand-mud ratio of 8:2+arbitrary slope shape of surface and 5° < natural slope ≤45°”, with the sand coefficient increasing from 0.67 to 0.71, the q slope average of straight slope is 0.63, 0.66 and 0.67, and the q slope average of concave slope is 0.65, 0.68, 0.70 and the q slope average of convex slope is 0.58, 0.62, 0.63, and the q slope average of compound slope is 0.63, 0.66, 0.67. Therefore, when “5° < natural slope ≤45°”, the q slope average of concave slope is the largest, the q slope average of convex slope is the smallest, and the q slope average between straight slope and compound slope is not big, which has obvious homogeneity. The q slope average of four slope types is as follows: concave slope > straight slope ≈ compound slope > convex slope.
4.1.3 Prediction model of influence of overlying strata structure and surface slope shape on average subsidence coefficient
Using multivariate nonlinear fitting method, the prediction model of average subsidence coefficient of slope under the coupling effect of overburden structure and slope shape under four kinds of slope shapes is constructed, as shown in Formulas (1)–(4).
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Where: α: sand-mud ratio; β: sand layer coefficient, %; S: natural slope of loess slope, °.
The mining area in northern Shaanxi, China is mainly hilly and gully landform of the Loess Plateau, with complex topography, obvious surface undulation and complex slope morphology. Under this complex terrain condition, the influence of terrain factors on mining subsidence can not be ignored. However, at this stage, scholars at home and abroad have not fully considered and studied this issue. Therefore, we take into account the complex terrain factors in the mining area of northern Shaanxi, China, and construct a prediction equation for the influence of the coupling effect of underground overburden structure and the shape of the upper slope on the average subsidence coefficient of the surface slope. This can provide a new idea and method for surface movement prediction under complex terrain factors in northern Shaanxi mining area.
4.2 Influence of coal mining subsidence on average horizontal movement of slope surface
4.2.1 Influence of overlying strata structure on average horizontal movement of slope surface
According to the data in Table 2, the influence of the overlying strata structure of coal seam on the horizontal movement of slope surface is the same as that on the subsidence of slope surface, and the main laws are as follows:
Under the coupling effect of “sand-mud ratio of coal seam overburden is 6:4+arbitrary slope shape and natural slope ≤45°”, with the sand layer coefficient increasing from 0.67 to 0.71, the u slope average of straight slope increases by 5.27%–22.50%, the u slope average of concave slope increases by 5.38%–26.18%, and the u slope average of convex slope increases by 5.38%–10.76%, the u slope average of compound slope increases by 5.94%–27.41%. Under the coupling effect of “sand-mud ratio of overlying strata in coal seam is 8:2+arbitrary slope shape and natural slope ≤45°”, with the sand layer coefficient increasing from 0.67 to 0.71, the u slope average of straight slope increases by 4.58%–14.72%, the u slope average of concave slope increases by 8.05%–16.70%, and the u slope average of convex slope increases by 3.78%–13.15%, the u slope average of compound slope increases by 5.04%–13.03%. However, under the coupling effect of “sand-mud ratio of overlying strata in any coal seam+arbitrary slope shape of the surface and natural slope ≤45°”, with the increase of sand bed coefficient from 0.71 to 0.75, the increase rate of u slope average no longer changes obviously and tends to be stable gradually. It can be seen from this that when the sand layer coefficient of coal seam overburden is ≤0.71, the u slope average increases obviously, but when the sand layer coefficient is >0.71, the u slope average does not change obviously and tends to be stable.
The main influence law of sand-mud ratio of coal seam overlying strata is: the u slope average shows a decreasing trend with the increase of sand-mud ratio of coal seam overlying strata, which is the same as the influence law of sand-mud ratio of coal seam overlying strata on the q slope average.
4.2.2 Influence of surface slope morphology on average horizontal movement of slope
According to the data in Table 2, it can be seen that the influence of the loess slope surface shape on slope horizontal movement mainly has the following main laws:
Under the coupling effect of “overburden sand coefficient of arbitrary coal seam and sand-mud ratio of 6:4+arbitrary slope shape of surface and natural slope ≤45°”, with the natural slope increasing from 5° to 45°, the u slope average of straight slope at 45° is increased by 1.06–1.16 times compared with the u slope average of straight slope at 5°–35°, and that of concave slope at 45° is increased by 1.08–1.14 times compared with the slope at 5°–35°. The u slope average of convex slope with gradient of 45° is increased by 1.09–1.13 times compared with that of 5°–35°, and the u slope average of composite slope with gradient of 45° is increased by 1.03–1.14 times compared with that of 5°–35°. Under the coupling effect of “overburden sand coefficient of any coal seam and sand-mud ratio of 8:2+arbitrary slope shape of the surface and natural slope ≤45°”, with the natural slope increasing from 5° to 45°, the u slope average of straight slope at 45° is increased by 1.07–1.15 times compared with the u slope average of straight slope at 5°–35°, and that of concave slope at 45° is increased by 1.13–1.16 times compared with the slope at 5°–35°. The u slope average of convex slope with gradient of 45° is increased by 1.08–1.11 times compared with that of 5°–35°, and the u slope average of composite slope with gradient of 45° is increased by 1.03–1.09 times compared with that of 5°–35°. Therefore, under the coupling effect of “overburden sand coefficient of any coal seam and sand-mud ratio+arbitrary slope shape of the surface and natural slope ≤45°”, the u slope average increases with the increase of loess slope surface slope, and reaches the maximum when the slope is 45°.
The main influence law of loess slope shape on the u slope average is: when the overlying strata characteristics and natural slope of any coal seam are less than 35°, the concave slope’s u slope average is the largest after coal mining subsidence, and when the overlying strata characteristics and natural slope of any coal seam are more than or equal to 35°, the convex slope’s u slope average is the largest after coal mining subsidence, which has obvious influence on the horizontal movement of slope.
5 DISCUSSION
The increase of sandstone layers will directly lead to the increase of the main structural plane of coal seam overlying strata, which will not only lead to the decline of the overall strength of coal seam overlying strata (Liu Z. J. et al., 2022; Wang et al., 2022), but also weaken the anti-interference ability of coal seam overlying strata to underground mining disturbance. Song et al. (2014) found that when the sand layer coefficient of overlying strata of 2−2 coal seam in northern Shaanxi mining area is less than 0.7, the surface subsidence coefficient will increase rapidly with the increase of sand layer coefficient, and when the sand layer coefficient is greater than 0.7, the surface subsidence coefficient tends to be stable. Therefore, under the condition of the same thickness of bedrock, the subsidence coefficient of surface and slope caused by the same underground coal mining disturbance will increase with the increase of sand layer coefficient, and the development degree of surface coal mining subsidence will continue to improve. In addition, the proportional relationship between the thickness of hard rock and soft rock in coal seam overburden, that is, the sand-mud ratio, will also significantly affect the movement and deformation characteristics of the surface and slope. Song et al. (2014) found that when the sand layer coefficient is constant, the greater the sand-mud ratio, the smaller the surface subsidence coefficient. Qian (2008) found that the main key stratum in overlying strata controls the dynamic process of surface subsidence, and the fracture of the main key stratum will lead to the synchronous fracture of all overlying strata and the rapid subsidence of the surface, which will lead to the obvious increase and periodic change of subsidence speed and subsidence influence boundary. Xu et al. (2007) found that when the lithology changes from soft to hard, the plastic expansion zone is less easily compressed and the surface subsidence coefficient decreases accordingly. This is consistent with the results of this study. It can be seen that the smaller the sand-mud ratio of overlying strata, the thinner the total thickness of sandstone in overlying strata, the weaker the anti-disturbance ability of overlying strata as a whole, and the more intense the movement and deformation caused by the same coal mining subsidence. This may be one of the reasons why the smaller the sand-mud ratio of overlying strata is, the greater the surface subsidence coefficient is.
The negative correlation between slope gradient and slope stability has become a recognized fact. Zhu et al. (2020) used three methods to calculate and analyze the stability of 76 loess slope models with different slopes, and found that the stability coefficient of loess slope decreased with the increase of slope, and the change was most obvious when the slope was less than 55°. Based on the shaking table model test of soil slope model, Tang W. M. et al. (2019) found that under the dynamic load, the greater the slope of soil slope, the stronger the amplification effect of slope acceleration, and the more obvious the signs of deformation and failure of slope. Zhang et al. (2007) found that the slope obviously changed the stress distribution of loess slope, which made the safety factor of slope decrease with the increase of slope, showing an obvious logarithmic relationship. Katz et al. (2014) used the numerical two-dimensional discrete element method to find that the increase of slope will lead to the increase of slope movement size, and then increase the risk of slope movement. Qiu et al. (2018) based on the data of 275 loess landslides in Zhidan County, the central part of China Loess Plateau, and found that the slope gradient indirectly affected the size of slope movement through the slope length. Xi et al. (2021) extracted the slope information of coal mining subsidence area through DEM, and found that coal mining subsidence can increase the slope of surface slope. While Huang et al. (2014) found that coal mining subsidence can reduce the slope length of loess slope by using digital terrain analysis and remote sensing image fusion, which is consistent with the results of this study. Therefore, no matter what slope shape the loess slope is, the greater the slope is, the smaller the stability is, and the more intense the movement and deformation will be under the influence of the same coal mining subsidence, which may be one of the important reasons why the loess slope with any slope shape in this study will increase the slope and decrease the slope length after subsidence. More interestingly, the greater the natural slope of loess slope, the greater the slope increment after subsidence, but the smaller the slope length decline. This provides a new proposition for further study on the characteristics and laws of surface loess slope movement and deformation in coal mining subsidence area. The influence of slope shape on slope stability is still controversial. Tang W. M. et al. (2019) found that slope shape has great influence on slope deformation and failure, and concave slope is less prone to instability and failure than straight slope and convex slope, but the upper part of concave slope usually has a large slip phenomenon. Huang (2017) used small-scale shaking table test and FLAC3D numerical simulation research to find that if the first longitudinal crack at the top of the slope is taken as the standard, the stability of convex slope is the worst, followed by straight slope and concave slope is the most stable. Gao (1993) found that concave slopes with medium height and steep slope are more prone to movement and deformation through remote sensing interpretation. However, this study found that under the same influence of coal mining subsidence, when the natural slope is less than 5°, the movement and deformation of convex slope is the largest, while when the natural slope is more than 5°, the movement and deformation of concave slope is the most obvious. It shows that under the special dynamic load of coal mining subsidence, the influence of slope shape on slope stability and movement deformation degree is closely related to slope. This provides a new insight for scientific understanding of the stability, movement and deformation characteristics of surface loess slope in coal mining subsidence area.
6 CONCLUSION
Under any surface slope shape, the q slope average after coal mining subsidence increases with the increase of overlying sand coefficient of coal seam, and it mainly shows two stages. The first stage: when the sand coefficient is ≤0.71, the q slope average is obvious, showing a rapid growth trend, and the increase range is between 2.86% and 7.94%; The second stage: after “sand coefficient >0.71”, the q slope average no longer changes obviously and tends to be stable gradually. Under any surface slope shape, the q slope average after coal mining subsidence decreases with the increase of sand-mud ratio of coal seam overlying strata, and the decline rate of the q slope average with sand-mud ratio of 8:2 is greater than 5.03% compared with that with sand-mud ratio of 6:4, that is, the smaller the sand-mud ratio of coal seam overlying strata, the more obvious the influence on loess slope subsidence.
When the overburden structure characteristics of any coal seam and the natural slope of the surface slope are less than or equal to 5°, the q slope average of the convex slope is the largest after coal mining subsidence, and the q slope average of the four slope types is ranked as follows: convex slope > straight slope ≈ compound slope > concave slope; When the overburden structure characteristics of any coal seam and the surface slope are 5° < natural slope ≤45°, the q slope average of the concave slope is the largest after coal mining subsidence, and the q slope average of the four slopes is in the order of concave slope > straight slope ≈ compound slope > convex slope, that is, “convex slope with natural slope ≤5° and concave slope with natural slope ≤45°” has great influence on loess slope surface subsidence. With the increase of natural slope after coal mining subsidence, the q slope average first decreases and then increases with the increase of natural slope, and the inflection point is 15°. When the natural slope is less than 15°, the q slope average decreases with the increase of natural slope, reaches the minimum value when the natural slope is 15°, and when “15° ≤ natural slope ≤45°”, the q slope average increases with the increase of natural slope, and reaches the maximum value when the natural slope is 45°, and the difference between the maximum value and the minimum value is greater than 22.03%. Based on the basic principle of multivariate nonlinearity, the prediction equation of the q slope average with the increase of sand layer coefficient under the coupling effect of loess slope surface shape and coal seam overburden structure is constructed.
The influence of structural characteristics of coal seam overlying strata on the horizontal movement of loess slope is the same as that of subsidence, that is, the horizontal movement of loess slope is stronger after coal mining subsidence under any surface slope shape and when the sand coefficient of coal seam overlying strata is ≤0.71, and the increase rate of u slope average is 5.04%–27.41%, and the u slope average is no longer obvious after the sand coefficient is >0.71; Under any surface slope shape, the u slope average after coal mining subsidence decreases with the increase of sand-mud ratio of overlying strata in coal seam. Under any structural characteristics of coal seam overburden and any slope shape of surface slope, the u slope average increases with the increase of natural slope after coal mining subsidence, and reaches the maximum when the natural slope is 45°, which is more than 1.03 times of the natural slope of 5°–35°. When the overlying strata structure characteristics and natural slope of any coal seam are less than 35°, the u slope average of concave slope is the largest after coal mining subsidence, and when the overlying strata structure characteristics and natural slope of any coal seam are more than or equal to 35°, the u slope average of convex slope is the largest after coal mining subsidence, which has obvious influence on the horizontal movement of slope.
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