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The landslide disaster of weathered rock slope under seepage action is very common, and the research on its reinforcement and stability is the key of engineering. In this paper, the four grades slope of Yunmao Expressway in China is taken as an example. Based on the engineering monitoring results, the stability of slope reinforcement is studied by numerical simulation. The results of engineering monitoring deformation show that the reinforcement method can effectively guarantee the stability of the slope. The numerical simulation method is used to study the stability of reinforced slope under the influence of hydraulic gradient, anchorage length, anchoring force, and anchorage failure position. The numerical study results show that hydraulic gradient has a great influence on the slip of the sliding surface, and the safety factor decreases with the increase of hydraulic gradient. The greater the anchorage length, the greater the stability of the slope. The safety factor increases with increasing anchorage length. The anchoring force increases and the slope displacement decreases, and the change range is greater than other factors. The influence of anchorage failure on the four grades is that the first-grade is greater than the third-grade, the third-grade is greater than the second-grade, and the second-grade is greater than the fourth-grade.
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1 INTRODUCTION
With the development of infrastructure construction, large-scale excavation of rock slopes and engineering buildings have led to more prominent problems in its stability. There are irregular fault fracture zones, interlayer dislocation zones and other weak structural planes in natural slopes and artificial slopes (Tu and Deng, 2020; Feng et al., 2023; Zhang et al., 2023). In addition, the seepage caused by rainfall affects the stability of the slope, and has become one of the key technical problems restricting the construction of the project (Saada and Maghous, 2012; Geng et al., 2017; Sun and Wang, 2021; Xu et al., 2022). Therefore, it has become one of the important problems in geotechnical engineering to put forward reasonable support reinforcement technology and scientific maintenance guidance strategy to ensure slope stability.
The stability of rock slope is affected by various factors. The slope is affected by rainwater erosion and seepage. The internal slope is weakened, the mechanical properties of rock mass are weakened, and its stability is bound to be greatly affected (Orense et al., 2001; Das et al., 2020; Nishimura et al., 2020). Kim et al. (2018) carried out on sand slope by artificial rainfall, and then the slope stability analysis under seepage was carried out by numerical simulation. Using the nonlinear Mohr-Coulomb strength criterion, Deng et al. (2019) carried out the stress analysis of the slip surface and established the limit equilibrium analytical solution of slope stability. Gao et al. (2020) proposed a superposition calculation method for the steady-state seepage analysis of slope rock and soil structure based on the monitoring results of field stress and strain. Wang et al. (2021) applied the hydraulic distribution to the seepage force of the three-dimensional discrete rotation failure mechanism slope and evaluated the stability of the rock slope. Hu et al. (2022) studied the slope instability caused by seepage by combining finite element and discrete element methods, and obtained the critical hydraulic gradient of different slope instability.
Although some achievements have been made in the study of slope stability under seepage, most of them are aimed at the unsupported slope without considering the re-failure characteristics of the reinforced slope under seepage. At present, there are few studies on the reinforcement of seepage slope and the later stability limit. A lot of achievements have been made in the failure mechanism, failure mode and safety factor of unstable slope. However, there are few studies on the stability evolution characteristics of seepage slope after reinforcement, which still needs further study. There is no effective reference for the later reinforcement and maintenance of slope.
Numerical simulation and field engineering monitoring are widely used in the study of slope stability. The geological characteristics of the slope are detected by field engineering, and the deformation and stability of the slope can be reflected by in-situ monitoring (Zhao, 2021; Thomas et al., 2023; Yang et al., 2023). According to the field monitoring, the numerical simulation is created, and the deformation and instability evolution mechanism of the slope under various conditions are revealed by changing the slope shape, geological characteristics, and slip surface distribution. Therefore, the research method combining numerical simulation and engineering can more effectively reveal the evolution law of slope stability.
In view of this, based on a reinforced seepage slope of Yunmao Expressway, this paper analyzes the deformation characteristics of the slope through on-site monitoring, and reveals the operation mechanism of the slope reinforcement strategy. By means of numerical simulation, the stability evolution characteristics of seepage slope after reinforcement is studied when the influencing factors change such as hydraulic gradient, anchorage length, anchorage force and anchorage failure position. The variation patterns of horizontal and vertical displacement of slopes are revealed. Reveal the influence of various factors on the safety factor of slopes. By combining engineering monitoring with numerical research, engineering monitoring includes long-term deformation monitoring results before and after reinforcement, and numerical simulation considers changes in hydraulic gradients and anchoring structures. The range analysis method is used to evaluate the weight of the influencing factors.
Taking the Yunmao Expressway in China as an example, the influence degree on slope stability is analyzed with hydraulic gradient, anchorage length, anchorage force and anchorage failure position changing; the change mechanism of slip of slope is obtained under different influencing factors; The evolution laws of safety factor are revealed, and the prediction models of safety factor are proposed. The research results can provide scientific guidance for the selection of re-reinforcement strategies for the unstable state of the reinforced slope, and also provide a theoretical basis for the prediction of slope stability.
2 OVERVIEW OF A HIGH-SPEED SLOPE PROJECT
The slope is located in the low and gentle hills, and the terrain is undulating. The ground elevation of the slope is about 320–369 m, and the maximum natural slope angle is about 24°. The climate in the slope area is mild, the rainfall is abundant, and the surface runoff has a greater erosion on the slope foot. Atmospheric precipitation is the main recharge source of groundwater, which is discharged from the top of the slope to the foot of the slope. Rainwater mainly flows in the fracture zone, and the pore water content changes with the seasons. The permeability and water-bearing capacity are extremely uneven, the water level depth changes with the seasons, and the water volume is affected by the development degree of bedrock fissures. The rock strata that constitute the slope are mainly strongly weathered granite. The weathering is strongly semi-rock and semi-soil, and the strength is extremely low.
The results of geological exploration show that the mechanical parameters of strongly weathered granite are as follows: the cohesion is about 0.5 MPa, the friction angle is about 42o, the Poisson‘s ratio is about 0.26, the elastic modulus is about 6.5 GPa, and the weight is about 19 kN/m3. During the rainy season, rainwater penetrates through the thick residual layer and the fully weathered layer, and the sliding surface becomes the main water storage belt of the slope (the slope shape and rock characteristics are shown in Figure 1). Affected by the No.7 typhoon ‘Weipa’, the area where the site is located has continuous rainfall. On 5 August 2019, the on-site inspection found that a large-scale crack group appeared on the top of the right slope, and the crack width was about 2 mm–80 mm. Monitoring shows that there is a large surface displacement on the slope.
[image: Figure 1]FIGURE 1 | The overall shape and rock characteristics of the slope.
According to the follow-up monitoring data and crack location, the angle between the sliding direction and the route direction is about 70°. The landslide is about 355 m long along the route, with an average width of about 71 m. At present, the direct influence area with large deformation is about 25,100 m2, and the buried depth of the sliding surface is about 20 m–30 m. The different cracks on the slope are shown in Figure 2. Slope excavation destroys the original equilibrium conditions of rock mass, and rainwater infiltration makes the sliding zone (granite intrusion contact zone) soften and shear strength decrease. When the sliding force of the sliding body is greater than the viscous resistance of the sliding surface, the engineering landslide is gradually formed, and the landslide is generally in a sliding deformation state.
[image: Figure 2]FIGURE 2 | Different cracks in the slope caused by seepage after rainstorm.
The main reasons for conducting research on the Yunmao Expressway in this paper are as follows. The slope shows obvious slip characteristics before reinforcement, and the deformation is unstable. There is a large amount of water in the sliding surface of the slope, and the water level of the sliding surface changes obviously after rainfall, which belongs to the slope with typical seepage characteristics. The slope belongs to the fourth-grade slope, which is difficult to reinforce, and the stability of the slope after reinforcement is easily affected by external factors. The project relied on in this paper is mainly about the stability study of Yunmao expressway.
3 ANALYSIS OF SEEPAGE SLOPE DEFORMATION AND LANDSLIDE CAUSES AFTER RAINFALL
The slope rate of the original slope shape at all levels is as follows: the slope classification height is 10 m, the first, second and third grade slope rate is 1:1, and the fourth-grade slope rate is 1:1.25; the second-grade platform is 8 m wide, and the remaining platforms are 2 m wide.
The original reinforcement and protection measures are as follows: the first-grade is reinforced by lattice beam, the length of anchor rod is 8.5 m, and the 60 mm guest soil spray seeding protection in lattice beam; the second-grade adopts herringbone skeleton + three-dimensional network grass planting protection; the third-grade adopts herringbone skeleton + three-dimensional network grass planting protection; the fourth-grade is protected by three-dimensional network planting grass, and the slope is reinforced as shown in Figure 3. Several displacement piles are set up to continuously monitor the deformation of this high slope (Figure 3 is shown in detail). The main sliding surface is taken as an example to explain the deformation characteristics of the slope. The monitoring holes of the main sliding surface are SC-3, SC-4, and SC-7, which are located at the second-grade slope platform, the fourth-grade slope platform, and the top of the slope, respectively. The monitoring time began on 16 August 2019, and the longest continued until 16 September 2019. The changes of displacement (x- and y-directions) at different depths of each monitoring hole with time are shown in Figure 4, Figure 5.
[image: Figure 3]FIGURE 3 | The schematic diagram of the main sliding surface section of the slope before and after re-reinforcement.
[image: Figure 4]FIGURE 4 | The variation of x-direction displacement with time at different depths at different monitoring points.
[image: Figure 5]FIGURE 5 | The variation of y-direction displacement with time at different depths at different monitoring points.
According to Figure 4, x-direction displacement of each position of the slope increases slightly with the increase of depth above the sliding surface. The displacement of x-direction at the slope top is relatively small, and the displacement is about 18 mm on September 16. The x-direction displacement at the slope foot is relatively large, and the displacement is about 24 mm on September 16. The increase rate of displacement in x-direction at each position is not much different. The displacement at each position decreases sharply, which is approximately below the sliding surface. Therefore, the displacement distribution in x-direction gradually decreases from the foot to the top. This is because the horizontal thrust component formed at the slope angle is large, so the displacement is relatively large.
From Figure 5, y-direction displacement above the sliding surface decreases slightly with the increase of depth. Compared with x-direction displacement, y-direction displacement of each position is relatively small. The displacement in y-direction at the slope top is relatively large. By September 16, the displacement in y-direction reached 15 mm. The displacement in y-direction at the slope foot is relatively small, and the displacement in y-direction is only about 3 mm. On the whole, the displacement of monitoring points SC-3 and SC-7 decreases with depth, and the displacement of SC-4 increases with depth. The displacement at the slope top can reach several times that at the slope foot. Therefore, the slope subsidence at the slope top is large due to sliding. The displacement in the y-direction of each position also decreases sharply with the increase of depth.
3.1 Causes of landslide
Through the displacement monitoring results, combined with the geological characteristics, the form of the sliding surface and the comprehensive slope rate, the basic situation of the landslide is comprehensively identified. The main reasons for the formation of the landslide are as follows:
1) Lithology and geological structure. The rock strata that constitute the slope are mainly strongly weathered granite. The weathering is strongly hypabyssal rock, and the strength is extremely low. The lithology and structure of the lower part of the slope are complex, which is the contact zone of metamorphic sandstone and granite intrusion. The late intrusion of granite leads to the complex composition of rock mass on the slope. Combined with the monitoring data, the sliding surface is the granite unconformity contact zone.
2) Topography. The landslide is located in the gentle position in the middle and front of the mountain, with a slope angle of about 10°. The upper part is steeper, with a natural slope angle of 24°. The middle part is a gentle and wide platform, which is easy to collect water.
3) Rainwater effect. During the heavy rainstorm period, the rainwater infiltrates through the thick residual layer and the fully weathered layer, and the water content of slippery residual layer and the fully weathered layer increases. The underlying sliding bed is mainly strongly weathered granite, and the interface of the slope sliding surface is stagnant water. The long-term rainwater infiltration makes the slope sliding surface soften, the interlayer bonding force deteriorate, and the shear strength decrease.
4) Engineering activities. Before the excavation of the slope, it is in a stable state. After excavation, the equilibrium condition of the original rock mass is destroyed, which provides the shear space for the slope slip.
In summary, due to the excavation of the slope, the original equilibrium conditions of the rock mass are destroyed, and the rainwater infiltration makes the sliding zone (metamorphic sandstone and granite intrusion contact zone) soften and the shear strength decrease. When the sliding force of the sliding body is greater than the viscous resistance of the sliding surface, an engineering landslide is gradually formed.
4 REINFORCEMENT MAINTENANCE MEASURES AND DEFORMATION CHARACTERISTICS OF SLOPE
According to the results of geological survey and deep hole displacement monitoring, the shape of sliding surface is comprehensively determined. Combined with topography, monitoring, field investigation, the partition is determined. The distribution of deformation area and the reinforcement measures of potential deformation area are fully considered to ensure the stability of slope, control the continuous deformation of landslide body, and ensure the safety of residents and property above the landslide. The deformation monitoring of different positions of the main sliding surface after reinforcement is shown in Figure 4 and Figure 5. The main reinforcement measures are as follows:
4.1 Slope shape rate change
In order to reduce the pile length, unloading the original third and fourth grade slope; the slope ratio of the first-to the fourth-grade is 1:1, the first-grade platform is increased to 3 m wide, the second-grade platform is increased from 8 m to 29 m wide, the wide platform is set to 1:6 gentle slope (as shown in Figure 3), and the third-grade platform is 2 m wide. The third-grade slope height is 8 m, and the rest of the slope height is graded every 10 m.
4.2 Slope reinforcement measures
The first-, second-, third- and fourth-grade slopes are protected by anchor cable frame beam. The length of anchor cable in the first-grade slope is 20 m, the length of anchor cable in the second and third grade slopes is 34 m, the length of anchor cable in the fourth-grade slope is 40 m, and the anchorage length of anchor cable in each grade slope is 10 m. The prestress is 400 kN, the anchor cable spacing is about 3 m, and the angle with the slope is 90o. The three steel strands in the anchor cable are Φ15.24 mm, the tensile strength is 1860 MPa, and the elastic modulus is 195 GPa.
4.3 Drainage measures
The second roadside ditch is used as the first intercepting ditch away from the top of the slope. After the change, another interception ditch is set on the top of the slope, and a platform ditch is set on each platform. In addition, 600 mm × 600 mm ditch is added to the secondary platform (before the gentle slope), with a wall thickness of 150 mm and a length of 180 m.
In the reinforcement measures, the reduced slope thrust after unloading the third- and fourth-grade of the original slope, and the addition of gentle slope can weaken the slope top sliding. The anchor cable can increase the bond strength between the slope slip surface and the rock mass, and effectively control the deformation and maintain the stability of the slope. The frame beam structure can effectively prevent the separation of weathered rock and slope on the slope, weaken the scouring effect of rainwater on the slope, and ensure the overall stability.
From Figure 6, after a series of reinforcement and unloading treatments, the deformation of each part of the slope is much smaller than that of the slope before the reinforcement treatment. The maximum deformation in the x-direction appears in SC-3, which is close to the turning point of the sliding surface. The maximum deformation of 3 months is 9 mm. As time increases, the displacement in x-direction increases gradually with the increase of depth. The x-direction displacement of monitoring points SC-3 and SC-7 changes obviously with depth and time. The change of monitoring point SC-4 is very small. The change of displacement in the x-direction shows that the reinforced anchor cable can effectively control the horizontal deformation of the sliding surface and ensure the stability of the slope.
[image: Figure 6]FIGURE 6 | The displacement of different monitoring points in the x-direction changes with time at different depths after reinforcement.
Figure 7 shows the change of displacement in y-direction of different monitoring points, and the displacement in y-direction after reinforcement is much smaller than that before reinforcement. The displacement in y-direction is slightly larger than that in the x-direction. The maximum displacement in y-direction appears at the top of the slope, and the maximum deformation in 3 months is 9 mm. The displacement of the slope foot in y-direction is basically small due to the inhibition effect of reinforcement. The displacement in y-direction increases with the increase of time and decreases with the depth. The displacement of the y-direction at the top of slope is more different with time and depth. Compared with x-direction displacement, y-direction displacement of each monitoring position is smaller than that before reinforcement.
[image: Figure 7]FIGURE 7 | The displacement of different monitoring points in the y-direction changes with time at different depths after reinforcement.
5 NUMERICAL STUDY ON THE INFLUENCE OF RE-REINFORCED SLOPE STABILITY
5.1 Introduction to numerical method
Universal discrete element code (UDEC) is a two-dimensional discontinuous modeling numerical program based on discrete element method. The discontinuous medium is represented as a set of discrete blocks. The discontinuous boundary is considered as the boundary condition between blocks. The deformable block is subdivided into grids of finite difference elements, each of which responds according to a prescribed linear or nonlinear stress-strain law. The discontinuous relative motion is also controlled by the linear or nonlinear force-displacement relationship in the normal and shear directions.
UDEC is primarily intended for analysis in rock engineering projects, ranging from studies of the progressive failure of rock slopes to evaluations of the influence of rock joints, faults, bedding planes, etc. The blocks in UDEC can be rigid or deformable. There are seven built-in material models for deformable blocks, ranging from ‘zero’ block materials (representing hole-excavation), shear and volume yield models (including strain hardening/softening behavior). Different representations of joint material behavior are also available. The basic model is the Coulomb slip criterion, which specifies elastic stiffness, friction strength, cohesive strength, and tensile strength, as well as the expansion characteristics of joints.
The model with a sliding surface slope, in which the rock mass is characterized by a variable block, and the sliding surface is represented by a discontinuous boundary. In the process of modeling, the numerical model of the same size is established by determining the size of the slope surface at all levels of the slope. The size of the slip surface is embedded with discontinuous boundaries in the block according to the results of actual engineering detection, and then a numerical model that can be used for calculation is formed. The generation of the numerical model in this paper is shown in Figure 8.
[image: Figure 8]FIGURE 8 | The establishment of slope numerical model.
5.2 Analysis of slope stability before and after reinforcement
According to the results of geological exploration, finite element numerical analysis method (UDEC) is used to establish the corresponding numerical model to analyze the stability of the reinforced slope under different influencing factors. Because the main sliding surface is the most serious failure in the sliding surface, its sliding deformation is also the largest in the subsequent monitoring, so the numerical analysis is conducted on the stability analysis of the main sliding surface of the slope. The size of the numerical simulation is consistent with the main sliding surface of the slope, and the specific size is shown in Figure 9C. The size of the slope surface and the sliding surface is consistent with that in Figure 3, and is no longer marked in Figure 9C. The left, right and lower boundaries of the numerical model are fixed boundaries, and the velocity and displacement on the boundary are both zero. The numerical model of the slope before and after reinforcement is shown in Figures 9A,B.
[image: Figure 9]FIGURE 9 | Discrete element numerical model of original, reinforced slope and monitoring points.
The monitoring points are named M1, M2, M3 and M4, respectively, as shown in Figure 9C. The prestressed anchor cable is used for reinforcement. The length of the first-grade slope anchor cable is 20 m, the length of the second-grade and third-grade slope anchor cable is 34 m, the length of the fourth-grade slope anchor cable is 40 m, the anchorage length of the slope anchor cable at all levels is 10 m, the pre-stress is 400 kN, the spacing of the anchor cable is about 3 m, and the angle with the slope surface is 90o. The mechanical parameters of the rock mass of the slope are the same as the actual slope exploration results, and the shape of the sliding surface is also consistent with the main sliding surface of the real slope. The mechanical parameters of the rock mass and the sliding surface are shown in Table 1, According to the “Code for Geological Survey of Water Resources and Hydropower Engineering” (GB50487-2008) published in China (Ministry of Water Resources of the People’s Republic of China, 2008), combined with the results of engineering geological survey in the paper, the hydraulic parameters are shown in Table 2. The tensile strength of the anchor cable is 1860 MPa and the elastic modulus is 195 GPa. The hydraulic gradient of the slope sliding surface is about 0.51 m/m.
TABLE 1 | Mechanical parameter settings for slope rock mass and sliding surface in numerical models.
[image: Table 1]TABLE 2 | Hydraulic parameters of rock.
[image: Table 2]After the slope is reinforced, the hydraulic gradient of the slope sliding surface changes under the rainfall effect, so the stability of the slope is greatly affected. Under the influence of geological structure factors, the anchoring force and anchorage length of prestressed anchor cable change, and anchorage failure occurs at different positions Based on the above factors affecting the stability of the slope, the discrete element numerical analysis is used to analyze the stability of the slope under the influence of the changes of hydraulic gradient, anchoring force, anchoring length, and anchorage failure position.
The variation of displacement in different monitoring points with depth before and after reinforcement obtained by numerical analysis method is shown in Figure 10. Before and after reinforcement, the displacement change of each monitoring point obtained by numerical calculation is basically consistent with the change rule of engineering monitoring results.
[image: Figure 10]FIGURE 10 | Displacement in x- and y-directions at different positions of the slope before and after reinforcement.
When the slope is not reinforced to reach the unbalanced force ratio (10–5), the slopes at all levels have a large displacement, and the slope is in a very unstable state. The x-direction displacement of the slopes at all grades is greater than the y-direction, which is consistent with the engineering monitoring results. When the unbalanced force ratio (10–5) is reached after reinforcement, the displacement of different depths of slopes at all levels is much smaller than that of unreinforced slopes, and the displacement in y-direction is slightly larger than that in x-direction, which is also consistent with the results of engineering monitoring. On the whole, the displacement in x-direction increases with the increase of depth, and the displacement in y-direction decreases with the increase of depth. The displacement variation law of each monitoring point in the actual project is basically consistent with the results obtained by numerical simulation, and the values are relatively close. Therefore, the discrete element method can well reflect the characteristics of the slope before and after reinforcement.
Figure 11 lists the slope displacement vector, slip surface shear displacement, safety factor and displacement distribution characteristics when the corresponding safety factor is reached before and after reinforcement. The maximum displacement of the slope before reinforcement appears at the slope toe, and the displacement direction is along the sliding surface direction. The deformation basically appears on the sliding surface, and the deformation on the rock mass is very small. After reinforcement, the anchor cable increases the connection between the sliding surface and the rock mass, effectively suppresses the deformation of the sliding surface, and increases the overall stability. When the sliding surface deforms, the rock mass also deforms due to the connection effect, but the deformation of the two is much smaller than that before reinforcement. The shear deformation of the sliding surface before reinforcement increases gradually from the top to the foot, and the shear deformation of the sliding surface after reinforcement is basically the same. Before reinforcement, the safety factor (K) of the slope is 1.01, which is in the state of critical sliding failure. After reinforcement, the safety factor (K) of the slope is 2.54, the anti-sliding force of the slope is far greater than the sliding force, and the slope is in a very stable state.
[image: Figure 11]FIGURE 11 | Comparison of displacement vector, sliding surface shear displacement and displacement when reaching factor of safety before and after slope reinforcement.
5.3 The influence of hydraulic gradient change of slope sliding surface on stability
The sliding surface of the slope is the stagnant water surface, and the hydraulic gradient of different rainfall in the sliding surface will change greatly. According to the actual results, Yang et al. (Yang et al., 2022) obtained the relationship between slope hydraulic gradient (G) and rainfall, and the corresponding relationship between different rainfall and hydraulic gradient range is shown in Table 2. According to Table 3, five groups of hydraulic gradient ranges (0.2, 0.4, 0.5, 0.6, and 0.7) are designed respectively, and five groups of hydraulic gradients correspond to different rainfall amounts. Therefore, the influence of hydraulic gradient change of sliding surface on slope stability is studied.
TABLE 3 | Rainfall grade and hydraulic gradient range.
[image: Table 3]The displacement of each monitoring point when the unbalanced force ratio (10–5) is reached under different hydraulic gradients is shown in Figure 12. Under different hydraulic gradients, the displacement trends of each monitoring point are similar, but they are affected by hydraulic gradients. The displacement in x-direction and y-direction increases with an increase in hydraulic gradient. The variation of displacement fluctuation in x-direction at all grades is greatly affected by hydraulic gradient, and the difference increases with an increase in hydraulic gradient. The increase of hydraulic gradient directly affects the slip, so the horizontal deformation is quite different. When the y-direction displacement hydraulic gradient at the foot of the slope is small, the fluctuation with depth is large. With the increase of hydraulic gradient, the displacement fluctuation is obviously reduced, and the displacement difference between different hydraulic gradients is reduced. The maximum displacement difference in y-direction also appears at the top of the slope. In summary, the hydraulic gradient has a great influence on the horizontal slip characteristics of sliding surface, and has little influence on sliding surface sinking.
[image: Figure 12]FIGURE 12 | Changes in displacement of each monitoring point with depth under different hydraulic gradients.
Figure 13 shows the displacement distribution nephogram under different hydraulic gradients, and the difference of displacement distribution is greatly affected by hydraulic gradient. When the hydraulic gradient is small, the slope stability is good and the deformation is small. The displacement on the slope presents a vertical strip distribution. As the hydraulic gradient increases, the displacement increases and begins to shift. The maximum displacement zone moves to the lower block of the sliding surface. With increasing hydraulic gradient, the safety factor (K) of slope decreases, and the decreasing speed raises gradually. The relationship between the safety factor and the hydraulic gradient satisfies the power function relationship with a constant term, and the correlation coefficient is 0.98. The specific function form is shown in Figure 13.
[image: Figure 13]FIGURE 13 | The distribution of displacement cloud and the change law of safety factor with hydraulic gradient.
5.4 The influence of anchorage length change on slope stability
After reinforcement, the anchoring force varies due to the geological structure, and the anchorage length (La) of the anchor cable also changes. To reveal the evolution characteristics of slope stability under different anchorage lengths, five different anchorage lengths of slopes at all levels were designed, and the anchorage lengths are 0 m, 2 m, 6 m, 10 m, and 14 m, respectively. The anchoring force is 400 kN, and the hydraulic gradient is 0.5. Under different anchorage lengths, the displacement of each monitoring point in x and y directions with depth is shown in Figure 14. The displacement distribution cloud diagram and the change of safety factor are shown in Figure 15.
[image: Figure 14]FIGURE 14 | The change of displacement of each monitoring point with depth under different anchorage lengths.
[image: Figure 15]FIGURE 15 | The distribution of displacement cloud and the change law of safety factor with different anchorage lengths.
According to Figure 14, with anchorage length becoming long, the deformation decreases in x- and y-direction, and the slope becomes stable. The increase of the displacement in the x-direction is approximately consistent with the increase of the anchorage length, and the two are linear. The increase of anchorage length can effectively enhance the integrity between the sliding surface and the rock mass, and the difference between the x-direction displacements is very small. Except for the M3 monitoring point, there is a large difference between the other displacements in the y-direction. This is because the M3 monitoring point is located in the approximate plane position of the slope. The displacement fluctuation in y-direction at the slope toe is large, and the deformation increment at other positions is basically linear with the anchorage length. The displacement increment in y-direction is smaller than that in x-direction. On the whole, the control effect of anchorage length on the displacement of slope in x-direction is greater than that in y-direction.
The displacement distribution is greatly affected by the anchorage length, and the displacement evolution forms are quite different, which as shown in Figure 15. Increasing the anchorage length, the displacement decreases. The anchorage length has little effect on the displacement distribution form, and the distribution characteristics are similar. The anchorage length improves the integrity of the sliding zone and the rock mass, so the displacement distribution on the rock mass gradually increases with anchorage length, especially at the top of the slope. The safety factor (K) increases gradually with the anchorage length, but the increase rate decreases gradually. The safety factor has a linear relationship with the square of anchorage length, and the correlation coefficient reaches 0.99. The specific function form is shown in Figure 15.
5.5 The influence of anchoring force change on slope stability
The anchoring force (Fa) of the anchor cable may be reduced due to precipitation, geological structure, artificial excavation, and other reasons. After the landslide phenomenon appeared, the anchoring force needs to be increased again, and the appropriate anchoring force is the premise to ensure the stability of the slope. To obtain the slope stability characteristics under different anchoring forces, the slope stability analysis under five anchoring forces (50kN, 200kN, 400kN, 600kN and 800 kN) is carried out. The anchorage length is 10 m, and the hydraulic gradient is 0.5. Under different anchoring forces, the x-direction, and y-direction displacements of each monitoring point of the slope change with depth as shown in Figure 16, and the displacement cloud map and safety factor of the slope change as shown in Figure 17.
[image: Figure 16]FIGURE 16 | The change of displacement of each monitoring point with depth under different anchoring forces.
[image: Figure 17]FIGURE 17 | The distribution of displacement cloud and the change law of safety factor with different anchoring forces.
According to Figure Figure16, the displacement of each direction changes greatly when the anchoring force increases. With an increase in anchoring force, the maximum displacement in the x-direction gradually decreases, and the decrease is basically linear. The displacement difference in the x-direction from the foot to the waist is small, and the displacement of the top is the smallest. The displacement of the rock mass in the x-direction is basically the same. As the anchoring force increases, the y-direction displacement also gradually decreases. In addition to the top of the slope, the displacement in y-direction at other positions is less than the change in x-direction. So, the top of the slope is a position where the slope subsidence has a greater impact.
From Figure 17, the displacement distribution changes with the anchoring force, and the displacement difference of the limit state is large. When the anchoring force increases, the maximum displacement at the limit state decreases, but decreased magnitude decreases. Continue to increase the anchoring force, the maximum displacement will remain approximately constant when reaching a certain threshold. The safety factor (K) increases gradually with increasing anchoring force, and the amplitude is basically consistent. There is a linear relationship between the safety factor and the anchoring force, and the correlation coefficient reaches 0.98. The specific function form is shown in Figure 17.
5.6 The influence of anchorage failure position on slope stability
The stability of the slope will be affected when the anchor cables fail at different positions. Take turns setting the anchoring force of four grades of slope to zero, the change of slope displacement and safety factor is obtained, and the influence of slope support at each grade on stability is obtained. The displacement distribution of different failure positions when the safety factor is reached is shown in Figure 18.
[image: Figure 18]FIGURE 18 | The displacement distribution of different failure positions when the safety factor is reached.
Through Figure 18, the safety factor of the slope is the smallest when the failure occurs on the first-grade slope. The first-grade slope reinforcement has the greatest influence on the overall stability. Since the horizontal displacement of the first-grade slope is the largest when it is not reinforced, and the horizontal displacement is much larger than the vertical displacement. The safety factor (K) decreases the least when the failure occurs on the fourth-grade slope, the failure of the fourth-grade slope has the least influence on the slope stability. The vertical deformation of the fourth-grade slope is large, while the horizontal deformation is small. When the slope landslide occurs, the horizontal displacement is the main. On the whole, the influence of the four grades slope on the stability is as follows: the first-grade slope is greater than the third-grade slope, the third-grade slope is greater than the second-grade slope, and the second-grade slope is greater than the fourth-grade slope.
5.7 Sensitivity analysis of different influencing factors on slope stability
In order to obtain the comprehensive influence of different influencing factors on slope stability, three levels are selected for the four factors, as shown in Table 4. The orthogonal test scheme is designed by orthogonal test method, and the numerical analysis is carried out to obtain the slope safety factor of each test scheme. The orthogonal test design of the influencing factors and the calculation results of the safety factor are shown in Table 5. Finally, the range analysis method is used to obtain the range distribution of each factor, as shown in Table 6.
TABLE 4 | Values of each level under different influencing factors.
[image: Table 4]TABLE 5 | Orthogonal test design of influencing factors and safety factor results.
[image: Table 5]TABLE 6 | Range analysis of orthogonal numerical test results.
[image: Table 6]Table 6 shows the range of four factors, namely, anchoring force, hydraulic gradient, anchorage failure position and anchorage length. Among the four factors, the range of anchoring force is the largest, that is, the change of this factor has the greatest influence on the stability of the slope. The range of hydraulic gradient is similar to that of anchorage failure position, but the range of hydraulic gradient is larger than that of anchorage failure position. Therefore, the influence of hydraulic gradient change on slope stability is slightly greater than that of anchorage failure position. The range of anchorage length is the smallest, so its influence on slope stability is the weakest among the four factors. According to the results of the range analysis, the weight of the factors affecting the overall stability of the slope is as follows: the anchoring force is greater than the hydraulic gradient, the hydraulic gradient is greater than the failure position, and the failure position is greater than the anchoring length.
6 CONCLUSIONS AND DISCUSSIONS
In this paper, based on the monitoring results of a high-speed slope project, using the discrete element analysis, considering the influence of hydraulic gradient, anchorage length, anchoring force and failure position, the stability of reinforced slope is studied. The main conclusions can be drawn as follows:
1) With the increase of depth above sliding surface, the horizontal displacement increases slightly, and the vertical displacement decreases slightly. The horizontal displacement is greater than the vertical displacement. The maximum horizontal displacement appears at the slope toe, and the maximum vertical displacement appears at the slope top. The main causes of slope instability are stratum lithology and geological structure, topography, rain, and engineering activities.
2) In the reinforcement measures, changing the slope rate reduces the thrust of the slope. The anchor cable can increase the bond strength, and effectively control the deformation and maintain the stability of the slope. Drainage can effectively reduce the hydraulic gradient of the stagnant water layer on the sliding surface. After reinforcement, the slope is in a stable state.
3) Both horizontal and vertical displacements increase with the increase of hydraulic gradient. The hydraulic gradient has a great influence on the horizontal slip characteristics, and the safety factor decreases in a power function with an increase in hydraulic gradient. With anchorage length becoming lager, the deformation decreases, and the stability increases. The anchorage length has a greater control effect on the horizontal displacement. The safety factor increases nonlinearly with the anchorage length.
4) As the anchoring force increases, the deformation gradually decreases. The anchoring force has a more obvious inhibitory effect on horizontal displacement. The safety factor increases linearly with the anchoring force. According to the change rule of safety factor, the influence of anchorage failure position on the stability of the fourth grades slope is as follows: the first-grade slope is greater than the third-grade slope, the third-grade slope is greater than the second-grade slope, and the second-grade slope is greater than the fourth-grade slope.
In this paper, according to the results of geological exploration, the causes of landslide are obtained, and the landslide is reinforced by changing the slope rate, drainage, and prestressed anchor cable. According to the monitoring results of plane deep displacement of different slopes, the deformation characteristics of slopes before and after reinforcement are analyzed. The finite element method is used to analyze the characteristics of the slope before and after reinforcement, and the actual engineering results are compared. At the same time, the stability evolution law of the slope is analyzed when the hydraulic gradient, anchorage length, anchorage force and anchorage failure position change. The research results have engineering background and are basically consistent with the actual results of the project, which can provide an effective reference for the design of subsequent slope reinforcement strategies.
In the future, the author will carry out research on the reliability of seepage slope reinforcement methods to provide a more reasonable basis for slope reinforcement. The weakening effect of water in micro-fissures will have a great influence on the mechanical properties of slope rock mass, which will also be an important aspect of the author‘s future research.
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