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The development of fractures in loess slopes often has a great influence on the stability of slopes. In this paper, taking the homogeneous slope model as an example, fractures with different distances and depths from the slope top angle are provided at the top of the slope. Firstly, the influence of single fracture location and depth on slope stability is analyzed, and after the most unfavorable location and depth of the fractures are determined, the influence of the slope top fractures on the slope seepage field and slope stability under the conditions with and without rainfall is studied secondly. The results show that with the increase of the distance from the fracture to the top angle of the slope, the safety coefficient of the slope shows the change law of decreasing first and then increasing. The critical fracture depth corresponding to the fractures at different locations is different, and when the critical fracture depth is exceeded, the slope safety factor tends to be stable. At the end of the rainfall moment through 1-1 section to analyze, it is found that at this time the pore water pressure and volume water content of the soil at the bottom of the fracture at different depths are greater than those of the upper soil, and the shallow fracture has less influence on the seepage field of the slope, and through 2-2 section it is found that the pore water pressure and volume water content in the soil far from the fracture are greater than those of the soil near the location of the fracture. When 288 h after the end of rainfall, the pore water pressure and volumetric water content of the soil around the fracture in section 2-2 were greater than those far from the fracture location. With the passage of time, the pore water pressure at the location of the fracture gradually dissipated and the corresponding volumetric water content gradually decreased, indicating that the fracture had an obvious influence on the characteristics of the seepage field in the soil at different times of rainfall. Under the condition of no rainfall, there exists a critical depth of fractures affecting slope safety stability, while under the condition of rainfall, the slope safety coefficient continuously decreases with the increase of fracture depth, and there is no critical fracture depth. The research results promote the understanding of the safety and stability of loess fracture slopes and provide a reference for slope management.
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1 INTRODUCTION
Landslides are one of the most common geological hazards in loess areas. The occurrence of landslides often causes significant property losses (Wang et al., 1996; Zhang et al., 2011). The main reason is that the tensile stress of the slope exceeds its tensile strength, resulting in tension cracks at the trailing edge of the slope. The cracks intersect and cut structural plane of the loess, which weakens the overall stability of the slope. The loess soil of the slope will further deteriorate and accelerate the formation of landslides under precipitation infiltration, wind erosion, earthquake and human factors (Wang et al., 2018; Sun et al., 2019; Wu et al., 2019; Yan et al., 2019; Zhang et al., 2019).
Slope stability analysis methods are usually divided into three types categories: limit analysis method, limit equilibrium method and numerical analysis method (Chen et al., 2002). Spencer (1967) introduced tension fractures and derived the formulae of fracture depth to analyze the effect of unit weight, cohesion and internal friction angle on the fracture depth. Michalowski (2012) and Utili (2013) proposed a stability analysis method for slopes with fractures based on limit analysis theory to analyze the effect of fracture depth as well as fracture location on slope stability. Zhu et al. (2022) analyzed the influence of constraint width, slope grade, internal friction angle and fracture depth on the critical height of three-dimensional vertical fracture loess slope. He et al. (2021) studied the effect of slope top dip angle on the stability of fractured slopes, and analyzed it using a logarithmic spiral rotating mechanism of plane strain of plane strain. Yan et al. (2022) studied the variation of slope stability under three working conditions, such as seepage of fracture water from the trailing edge to the foot of the slope, drainage at the foot of slope and elevation of the watered point on the slope. Zhou et al. (2021) established the sliding model of single fracture and multi-fracture and the ultimate limit state of slope, deduced the formula for calculating the limit depth of vertical fracture at the top of loess inclined slope, and explored the variation of fracture depth with different influencing factors. The formula was verified according to the limit analysis upper bound method and practical engineering examples.
The seepage and stability of fractured soil slope under rainfall are also the research hotspots of scholars. The research methods are mainly numerical simulation and laboratory test. Scholars (Zeng et al., 2020; Zhang et al., 2020; Zhou et al., 2020) divided slopes containing fractures into soil zone and fracture zone and assigned different material properties to them respectively. They analyzed the rainfall infiltration characteristics of fracture slopes in conditions of accumulated water and influence of the depth of fracture depth, inclination angle and location on the seepage characteristics of slope. Gao et al. (2021) established the relationship between slope material parameters as a function of fracture rate, and studied the influence of rainfall conditions, the development degree of fractures and the types of the vegetation root system on the stability of red clay slope by finite element method. It showed that fracture development can easily lead to shallow damage of red clay slope and significantly reduce slope stability. Yao et al. (2001) analyzed the stability of expansive soil slope considering fractures and rainfall infiltration, and compared the stability of expansive soil slope between considering fractures and without considering fractures through engineering examples. Cao et al. (2022) carried out model experiment on the fracture evolution, rainfall infiltration and scour of red clay slopes to reveal the fracture evolution law of red clay slopes and analyze the influence of the fracture development and rainfall intensity on the seepage characteristics and scour pattern of red clay slopes. Chen et al. (2019) discussed the seepage mechanism of fissured soil, established a two-dimensional saturated-unsaturated seepage analytical model of fissured soil based on the one-dimensional analytical solution, and derived the explicit analytical solution of the two-dimensional seepage control equation by Fourier integral variation. Zeng et al. (2022) carried out indoor model tests of red clay slopes with different parameters in the overbreak zone under rainfall by fluorescence tracer method and digital image processing techniques to analyze the variation of moist sharp, transient saturated zone and volumetric water content of red clay slope. Liu et al. (2017) studied the infiltration law of slope under the combined action of fracture anisotropy and different rainfall intensities. He (2018) studied the effect of fracture content variation on the seepage field of slopes with the increase of rainfall holding time, and also considered the variation of fracture network volume to explore its effect on the safety factor. Wang et al. (2020) and Qian et al. (2020) investigated the influence of different shapes of fractures on the seepage field of the slope by physical simulation experiment. Therefore, little literature is available on the seepage stability of slopes with fractures.
Taking the homogeneous slope model as an example, this paper calculates the influence of a single fracture on the slope stability at different locations and depths from the slope top. After determining the most unfavorable location and depth of fractures, the influence of fractures at the top of the slope on the seepage field and stability of the slope is further analyzed with and without rainfall.
2 INFLUENCE OF FRACTURE LOCATION AND DEPTH ON SLOPE STABILITY
The influence of a single fracture on the stability of the slope at different positions and depths of the slope top is calculated. The ideal homogeneous slope calculation model with slope angle of 45° is adopted. Fracture are located at the top of the slope, which with a distance from the top of the slope top angle are 2 m, 3 m, 4 m, 5 m, 6 m, 7 m, 8 m, 9 m, 10 m respectively, and the depth of the fracture continues to expand from 0 m to 10 m. The groundwater level is located at a depth of 35 m below the slope top. The natural density of the soil is 16.5 kN/m3, the cohesion is 30 kPa, and the internal friction angle is 25°. The computational model of the slope is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The schematic diagram of slope calculation model.
The effect of fracture extension depth on slope stability is shown in Figure 2, where L is the distance from the fracture locations to the slope top angle. Figure 2 shows that the safety factor of the slope decreases obviously with the increase of the spacing within the range of 7 m from the fracture locations to the slope top angle, the reduction magnitude of safety factor increases gradually with the expansion of the fracture depth. When the fracture is 7 m away from the slope top angle and the fracture depth expands to about 4 m, the safety factor of the slope tends to a minimum value, and the curve change tends to be flat. The crack depth at this time is called the critical crack depth. The fracture depth in this case is defined as the critical fracture depth. When the fracture depth is greater than 8 m, the fracture at different locations has little influence on the slope safety factor. The closer the distance between the fracture and the slope top angle, the deeper the fracture depth when the slope safety factor reaches a stable value. The reason for these phenomena is that when the shallow fracture is close to the top of the loess slope, the failure mode of the slope is in the form of sliding damage through the arc at the top of the slope. When the sliding surface is far away from the bottom of fracture, fracture has little effect on slope stability. When the fracture depth at the top of the slope extends deeper, the sliding surface of the slope develops from the initial arc-shaped sliding surface to the combined sliding surface through crack. In this case, the position of the sliding surface intersects with the fracture, which changes the stress of the slope and seriously affects the stability of the whole slope. As the crack depth continues to expand, the intersection of the circular slip surface and the fracture continues to move downward, and the safety factor of slope also shows a decreasing trend. When the fracture at the top of the slope continues to expand to a certain depth and the intersection of the circular slip surface and the bottom of the crack reaches the critical value, the safety factor of the slope reaches the minimum value, after which the safety coefficient tends to stabilize. The slope safety factor remains unchanged at first with the deepening of the fracture depth, then decreases rapidly and finally tends to be gentle.
[image: Figure 2]FIGURE 2 | The effect of crack propagation depth on slope stability.
Figure 3 shows that with the increase of the distance from the fracture to the slope top angle, the influence of the fracture on the slope stability gradually increases and the reduction rate of safety factor gradually increases. When it reaches 7 m, the fracture has the greatest influence on the slope stability and the safety factor is the smallest. When it is greater than 7 m and less than 9 m, the influence of the fracture on the slope stability decreases rapidly. When it is greater than 9 m, fracture have little effect on slope stability. Therefore, the critical fracture depth has a critical location at the top of the slope. Attention should be paid to the treatment of fractures in this area in the process of slope management.
[image: Figure 3]FIGURE 3 | Effect of fracture location on slope stability.
3 INFLUENCE OF SLOPE TOP FRACTURES ON SEEPAGE FIELD AND SLOPE STABILITY UNDER RAINFALL
3.1 Numerical calculation model
A slope model with a fissure at the top of the slope is established. It is assumed that there is a fissure at 7 m from the slope top angle, the length of the model bottom is 80 m, the slope toe is 45°, the height is 50 m, and the distance from the bottom of the model is 15 m. In order to analyze the influence of pore water pressure and volume water content of soil on slope stability in the process of rainwater seepage, two observation sections are set in the model. Section 1-1 passes through the fracture, which is consistent with the extension direction of the fracture. Section 2-2 is located at the bottom of the fracture at 1 m, which is perpendicular to the extension direction of the fracture. Volumetric water content and pore water pressure of each section obtained by numerical calculation of this model. The finite element mesh is divided into 12,953 nodes and 12,826 elements. The specific model and mesh division are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Computational model and grid division.
3.2 Calculation parameters and their boundary condition settings
In this paper, the mechanical parameters of loess are obtained by consulting a large number of literatures. According to the characteristics of loess material, the soil-water characteristic curve of slope is obtained by V-G model. The permeability coefficient function of unsaturated loess is obtained by soil-water characteristic curve and saturated permeability coefficient.
Because there are fractures, there is no strength parameter. Therefore, when calculating the transient seepage field, the equivalent permeability coefficient method is used for the fractures. The permeability coefficient of the fracture is large relative to the surrounding soil, and adopts the saturated permeability coefficient. The natural gravity of soil is 16.5 kN/m3, the effective cohesion is 30 kPa, the effective internal friction angle is 25°, the saturated permeability coefficient is 2 × 10-6 m/s. The natural gravity, the effective cohesion and the effective internal friction angle of fracture are all 0, and the saturated permeability coefficient is 0.78 m/s. The soil-water characteristic curve of unsaturated soil is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Soil water characteristic curve and osmotic coefficient function of slope soil.
The strength parameters of soil materials, soil-water characteristic curves and permeability coefficient functions provided above should also be used for calculations under other working conditions.
Boundary conditions: for the following part of the water table on both sides of the model set the head boundary, the position of the fixed head is at the water table line, and the part above the water table line is set as the zero-flow boundary. The surface of the slope is set as the free infiltration boundary, and the flow boundary is taken, and the bottom of the model is set as the impermeable boundary. The rainfall intensity is 2 mm/h. It is considered that the rainfall is all infiltrated into the slope, and no surface runoff is formed on the slope surface. The rainfall time is 72 h, and the duration after rain is 288 h.
Initial conditions: when calculating the transient seepage field of the slope, the water content of the slope soil in its natural state and the distribution of pore water pressure within the slope soil should be obtained first and used as the initial conditions to calculate the subsequent conditions of the seepage field at different moments.
The boundary conditions of the model set the rainfall infiltration boundary as AB, BC, CD. In the process of rainfall, there will be a catchment inflow at the fracture location, so the infiltration flow relative to other infiltration boundaries should be added at the fracture width position. The impervious boundary is DE, FG, AH, and the constant head boundary is EF and GH. The groundwater level and the constant head height are the same. The initial conditions and boundary conditions of the model are shown in Figure 6.
[image: Figure 6]FIGURE 6 | The boundary condition of the model and the initial pore water pressure.
3.3 Influence of the depth of slope top fracture on the seepage field of slopes under rainfall
Before the instability failure of soil slope, there will be some tension cracks at the top of the slope. These cracks make the isolated soil column formed inside the slope, which is equivalent to the unconfined condition (Li et al., 2006). The fracture will provide a potential sliding surface for the slope failure to increase the sliding surface of the slope.
Fracture provide infiltration channels for rainwater and enhance the infiltration capacity of water under rainfall. On the one hand, the infiltration rainwater into the soil increases the weight of the soil itself. On the other hand, the fracture is filled with water, and the downward infiltration of water under gravity will soften the potential sliding surface of the slope. In addition, it will produce hydrostatic pressure on the structural plane, which will lead to the decrease of stability of slope, short the creep time of slope body and increase the possibility of slope failure.
Therefore, it is necessary to study the influence of fractures on slope seepage field under rainfall when analyzing the influence of fractures on slope stability. In this paper, the equivalent model with rainfall intensity of 3 mm/h is used. The rainfall time is 72 h and the post-rain time is 288 h. The fracture depth at the position of 7 m from the slope top angle is 0 m, 2 m, 4 m, 6 m, 8 m, and 10 m respectively. The seepage field of the slope is calculated by SEEP/W software, and then the calculated results are imported into SLOPE/W software for slope stability analysis.
Figures 7, 8 show that when the rainfall ends, as the crack depth continues to expand, the water stored in the fracture gradually increases, and the corresponding pore water pressure and volumetric water content gradually increase. The pore water pressure and volumetric water content at the bottom of the fracture reach the maximum under gravity, which is much larger than the pore water pressure and volumetric water content of the upper soil. When the fracture depth is shallow and the depth is 2 m, the pore water pressure on the 1-1 section is almost the same as that without fracture, indicating that the shallow fracture has little effect on the seepage field of the slope. When the rainfall ended 288 h, the water molecules had enough time to move from the fracture with high saturation to the surrounding with low saturation. The pore water pressure in the fracture gradually dissipates, and the water content at the bottom of the fracture also decreases.
[image: Figure 7]FIGURE 7 | (A) The variation curve of pore water pressure. (B) The variation curve of and volume water content.
[image: Figure 8]FIGURE 8 | The variation curve of pore water pressure and volume water content at 288 h 1-1 section after the end of rainfall at different depths (A) Pore water pressure (B) Volumetric water content.
Figures 9, 10 show that the fracture in the soil provide a channel for the diffusion of rainwater, and the water inside the fracture diffuses from high saturation to low saturation through the bottom and side of the fissures during rainfall. In the process of water diffusion, the pore water pressure and volumetric water content of the soil around the fracture are larger than those of the soil away from the fracture due to the loss of hydraulic gradient. When the rainfall ends, the wetting front depth of rainwater infiltration is greater than the depth of the fracture, resulting in the pore water pressure and volumetric water content in the soil far from the fracture is greater than the soil near the fracture. When the rainfall ends 288 h, the pore water pressure and volumetric water content of the soil around the fracture are greater than those far away from the fracture. Because the soil lacks the supply of rainwater, and the water diffuses around under the action of gravity, the pore water pressure in a certain depth of the slope surface continues to dissipate, and the corresponding volumetric water content also continues to decline. Because the lack of rainwater supply in the soil and the continuous diffusion of water under gravity, the pore water pressure in a certain depth of the slope is continuously dissipated, and the corresponding volumetric water content is also decreasing.
[image: Figure 9]FIGURE 9 | The variation curve of pore water pressure and volume moisture content of 2-2 sections at the end of rainfall were observed in different depths (A) Pore water pressure (B) Volumetric water content.
[image: Figure 10]FIGURE 10 | Variation curves of pore water pressure and volumetric water content of 2-2 fracture surface at different depths at 288 h after rainfall (A) Pore water pressure (B)Volumetric water content.
3.4 Influence of the depth of slope top fractures on slope stability under rainfall
By analyzing the seepage field of the slope with fracture, the safety factor of the slope is further analyzed in the case of fracture affecting the seepage field. In this paper, the seepage results calculated by SEEP/W are imported into SLOPE/W software. The influence of fracture depth change on slope stability under rainfall is analyzed by M-P method.
Figure 11 shows that in the absence of rainfall, the decrease of safety factor is small and tends to be a stable value when the fracture depth exceeds 4 m. Under rainfall, the safety factor of slope is decreases obviously and the magnitude of decline varies greatly. As the time of rain increases, the safety factor decreases more, the critical depth disappears, and the deeper the crack depth, the smaller the slope safety factor.
[image: Figure 11]FIGURE 11 | The influence of fracture depth on slope safety coefficient under different rainfall duration.
4 CONCLUSION
By establishing a two-dimensional calculation model, the influence of different locations and depths of fracture at the top of the slope on slope stability was studied. The distribution of pore water pressure and volumetric water content of the slope under rainfall is obtained. The influence of fracture depth on slope stability under rainfall is explored. The conclusions are as follows.
(1) With the increase of the distance from the fracture to the slope top angle, the safety factor of the slope decreases first and then increases. The critical fracture depth has a critical position at the slope top. When the fracture is 7 m away from the slope top angle and the fracture propagation depth exceeds 4 m, the slope safety factor is the smallest.
(2) With the increase of fracture depth, the safety factor of slope decreases rapidly at first and then tends to be stable. There is a critical crack depth, and the critical crack depth corresponding to different positions is different. Beyond the critical crack depth, the safety factor of slope tends to be stable.
(3) At the end of rainfall, with the increase of fracture depth, the pore water pressure and volumetric water content of the soil at the bottom of the fracture of 1-1 section are greater than those of the upper soil, and the shallow fracture has little effect on the seepage field of the slope. Since the damp-surface depth of rainwater infiltration is greater than the depth of the fissure, the pore water pressure and volumetric water content in the soil far from the fracture in 2-2 section are greater than those in the soil near the fracture.
(4) At 288 h after the end of rainfall, the pore water pressure and volumetric water content of the soil around the fracture of 2-2 section are greater than those of the soil far away from the fracture. Due to the lack of water supply in the fracture, the water is continuously diffused around under gravity. Finally, the pore water pressure of the soil at the location of the fracture gradually dissipates, and the corresponding volumetric water content gradually decreases. Due to the lack of water recharge in the fracture, the water spreads around under gravity, and finally the pore water pressure of the soil at the location of the fracture gradually dissipates, and the corresponding volumetric water content gradually decreases.
(5) When there is no rainfall, with the increase of fracture depth, the safety factor of slope decreases slightly, and the existence of critical fracture depth makes the safety factor of slope tend to a stable value. Under rainfall, the safety factor of slope decreases continuously with the increase of fracture depth, and the critical fracture depth disappears, which is less than the safety factor of slope stability under the condition of no rainfall (Wang, et al., 2021).
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