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Among the methods of landslide treatment, anti-slide piles are an effective measure. The soil arching effect cannot be ignored in the design of anti-slide piles, which has a significant impact on the supporting. Based on the field investigation, this paper selects the Xinyan landslide in Yanbian area of Jilin Province and uses Flac-3D to build a numerical model to simulate its soil arching effect with different pile arrangements. The simulation results show that the pile arrangement has a significant influence on the soil arching effect. When arranging piles in parallel, the soil arches between the front and rear rows of piles are distributed parallel to each other. When arranging piles in quincunx-shape, the soil arches between the rear rows of piles are the same as when laying piles in parallel. The soil between the piles flows around once when the piles are laid out in parallel, while it flows around twice when the piles are laid out in a quincunx-shape. The latter has better support than the former.
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INTRODUCTION
Landslide is a natural phenomenon in which the shear strength of the rock-soil mass on a slope is reduced by environmental influence and slides along a soft surface or weak zone towards the front of the slope as a whole or in pieces under the action of gravity. With the continuous growth of global population and the gradual extension of human activities (Zhang et al., 2023a), landslide disasters are occurring more frequently and causing more serious loss of life and property. Therefore, according to the engineering geological characteristics of rock-soil mass in landslide areas, it is of great practical significance for the safety of people and properties to study the genetic mechanism of landslides and develop reasonable support design to improve the stability of slopes (Ukleja, 2020; Zhu et al., 2021; Zhang et al., 2023b).
Several principles of landslide management were summarized through years of engineering experience: Several principles of landslide management were summarized through years of engineering experience: 1) find out the history of landslide occurrence, the current situation and engineering geological characteristics (Jimenez-Peralvarez, 2018); 2) try to avoid landslide areas or pre-reinforcement (Zhang et al., 2021); 3) eliminate landslide hazards at once to avoid repeated treatment (Tiranti and Cremonini, 2019); 4) if the scale of landslides is large, the overall planning should be done; 5) timely management in the early development period of landslide (Yin et al., 2014); 6) to ensure the premise of safety to minimize the cost of the project (Martin et al., 2021); 7) to take effective design solutions and scientific and efficient construction (Cui et al., 2022); 8) Form a dynamic response mechanism to ensure dynamic design and dynamic construction (He et al., 2008; Wang et al., 2022b); 9) focus on inspection, repair and maintenance of facilities (Liao et al., 2022).
The main methods of landslide management include bypassing (Bhasin and Aarset, 2020), drainage (Haugen, 2017; Wang G. et al., 2022) and mechanical balance (Du et al., 2021). The Xinyan landslide is an existing road slide, which cannot be rerouted. The cost of using culvert or bridge solution is too high, and the method of chemical improvement is technically complex, difficult and costly. Therefore, a combination of drainage and mechanical balance is chosen to ensure complete management of the Xinyan landslide.
Among the methods of landslide treatment, anti-slide piles are an effective measure (Zhang, 2000). Earlier, when calculating the load distribution of anti-slide pile, the pile group is usually simplified to single pile for force analysis. However, the anti-slide pile interacts with the soil between the piles, i.e., there is an arching effect, which makes the stress migrate from the soil to the pile, so that the anti-slip pile acts as an obstacle to sliding, and the corresponding stress characteristics of pile become more complex (Xia et al., 2008). Therefore, the formation mechanism and influencing factors of soil arching effect must be studied in depth in order to improve the supporting of anti-slide pile on landslide and to obtain more accurate load distribution characteristics of pile (Zheng, 2005).
The current research focuses on the influence factors of soil arch, such as pile spacing and material parameters between piles and soil, but not enough research on the arrangement of piles (Liang et al., 2020). Therefore, this paper selects the Xinyan landslide in Yanbian area of Jilin Province, which is an expansive rock slope, establishes the three-dimensional model of the Xinyan landslide, and simulates the effect of pile arrangements of anti-slide piles on the soil arching effect between piles. The overall three-dimensional model avoids the disadvantages of the two-dimensional plane model and the partial three-dimensional model of insufficient consideration of spatial and boundary effects, making the simulation study results more accurate and reliable.
DATA AND METHOD
Date
The Xinyan slide is located within pile number K58 + 750 to K59 + 030 of the under-construction Wangyan highway, and the filling subgrade at the bottom of the highway is cut through by the Xinyan slide body (location and overall topography of the landslide is shown in Figure 1). The plane morphology of the slide body is spindle-shaped, with a long axis length of about 230 m and a short axis length of about 110 m. The intersection angle between the main sliding direction (113°) and the extension direction of Wangyan highway is about 60°. The landslide plane area is about 1.7×104 m2, the slope height is about 15 m, the average thickness of the slide body is about 8 m, and the total volume of the slide body is about 1.36×105 m3. The slide material composition from top to bottom is fill, silty clay, fully weathered mudstone and sandstone respectively.
[image: Figure 1]FIGURE 1 | Location and overall topography of Xinyan landslide.
Method
For the soil arch effect, the theory that the residual sliding force at the rear of the pile is borne by the soil arch behind the pile was propose by Chang (1998). On this basis, Zhou et al. (2004) derived the mechanical model of the soil arch behind the pile by considering the static balance of shear strength and sliding force of the soil in the triangular compression zone behind the piles (Zhou et al., 2009). The calculation model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Simplified model of soil arching.
In the Figure 2, S is the net distance between adjacent anti-slide piles, t is the section thickness of the soil arch, r is the height of the soil arch, q is the residual sliding force (assumed as uniform force) at the rear of the pile, Fx and Fy are the reaction forces at the end of the soil arch, and the equation of the soil arch axis is:
[image: image]
In Equation 1, [image: image], where L is the distance between the centers of the adjacent piles, and the reaction force at the end of the arch is:
[image: image]
In Equation 2, [image: image] is:
[image: image]
In Equation 3, [image: image], where [image: image] , [image: image] are:
[image: image]
In Equation 4, [image: image]
The following conditions should be satisfied during the model calculation:
(1) The model should satisfy the static balance, and the side friction of the pile should not be less than the pressure on the soil arch.
(2) The model should satisfy the strength conditions of the soil arch on dangerous section, and the maximum value of sectional stress should not be greater than the allowable value.
(3) The model should satisfy the triangular compression zone is not damaged, and anti-slide piles need to provide the arch foot (Figure 3).
[image: Figure 3]FIGURE 3 | Illustration of the arch foot compression.
According to the geometric characteristics of the triangular compression zone at the arch foot, the calculated expression of the pile spacing can be obtained as:
[image: image]
where b is the width of the pile, c is the cohesion, φ is the internal friction angle, α is the base angle of the triangle.
RESULTS
According to the genetic mechanism of the Xinyan landslide, anchor cable, anti-slide pile and pressure foot treatment measures were developed for the influencing factors of the landslide, and combined with the drainage of the slope surface and slope body. All three methods can improve the landslide stability. There are many methods for predicting slope stability (Wang et al., 2022a), and the highest values of 39.79%, 43.13%, and 85.28% are improved respectively by using Janbu, Sarma, and Morgenstern-Price method to calculate the safety coefficients of the three known profiles after treatment in this paper (Shanguan, 2014). Anti-slide piles have the advantages of large anti-slide capacity, good support effect, flexible setting and small disturbance to the slide, which is one of the common methods for landslide management.
This paper mainly studies the soil arching effect of anti-slide pile, so the modeling process is based on the geological characteristics of the Xinyan landslide area, and the Flac-3D software is used to build the landslide 3D model (Figure 4). The model is used to study the soil arching effect between piles at different positions, and focuses on the influence of double-row piles arrangements on soil arching effect. The values of material parameters in the model are shown in Table 1.
[image: Figure 4]FIGURE 4 | Illustration of 3D model and mesh subdivision: (A) Side view; (B) Plan view; (C) Cutaway view.
TABLE 1 | The values of material parameters in the model.
[image: Table 1]To avoid the effect of boundary constraint, the extent of the model boundary should be two times the extent of the studied landslide. Therefore, the model area is 445 m long in the y-direction and 500 m long in the x-direction. The boundary of the mechanical model is constrained on the left and right sides (x-direction), with horizontal constraints on the front and rear sides (y-direction), vertical constraints on the undersurface (z-direction), and no constraints on the superface. Considering that the neotectonic movement of the tectonic stress at the location of the Xinyan landslide is not active, and that the stratum there is mainly composed of fill, fully weathered fine sandstone and clay rock, such rock-soil mass is not enough to store the in-situ stress. Therefore, when considering the initial stress field of the model, only the effect of the gravity field is considered, and the tectonic stress field is not considered (Shanguan, 2014). All the constitutive models of rock-soil mass are used the Moore-Coulomb model, and the elasticity model is used for the anti-slide piles. The subdivision elements are tetrahedral elements, and the elements get larger gradually from top to bottom.
The cross-sectional form of double-row anti-slide piles is circular, which is divided into parallel arrangement and quincunx arrangement. Pile diameter d) is 2.5 m, pile distance (L=8d) is 20 m, and pile row distance (L’=3d) is 7.5 m, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Different pile arrangements of double-row anti-slide pile: (A) Parallel arrangement; (B) Quincunx arrangement.
DISCUSSION
Stress distribution of soil between piles
When the anti-slide pile passes through the landslide layer, the sliding displacement of the soil between the piles is larger and the soil arch effect is significant, which bears most of the load. Therefore, the plane at a depth of 22.6 m is chosen to observe the soil stress distribution between the piles. Stress distribution ([image: image]) under different pile arrangements is shown in Figure 6. The dark blue area in the graph indicates greater stress and the orange area indicates less stress. From the rear to the front of the pile, the stress decreases gradually. The stress is small near the pile and it is large at both sides behind the pile, the stress at the back of the pile on both sides is large, and the stress distribution shows an arch shape. In the two arrangement forms, the radius of curvature of the soil arch line behind the rear row of piles is larger, while the radius is smaller behind the front row. The soil arching effect between the rear row piles is relatively obvious, and the soil arch effect is limited by the occlusion in the front row piles. Comparing the two arrangement forms, the soil arches between the front and rear rows of piles are distributed parallel to each other when the double-row piles are laid in parallel, and the soil arch is generated between two adjacent piles in the same row. The soil arch between the rear row piles is the same as the parallel arrangement in the double-row quincunx arrangement, while the soil arch between the front row piles is not between the two adjacent piles in the front row, but between the front row piles and the rear row piles, and the arch axis skews crossing the arch axis of the rear row piles at an angle. Two small soil arches are formed between the front row pile and the two adjacent rear row piles, which form a triangle with the soil arch between the rear row piles, and prevent the soil between the piles from sliding toward the front of the slope. Assuming that the distance between two arch feet is the arch length, the arch length of the soil arch between the piles is 2L with the parallel arrangement, while the arch length is [image: image], with the quincunx arrangement. If the soil arch effect is evaluated only by the arch length without considering other factors, the soil arching effect with quincunx arrangement is more obvious than that with parallel arrangement.
[image: Figure 6]FIGURE 6 | Stress distribution with different pile arrangements: (A) Parallel arrangement; (B) Quincunx arrangement.
Displacement distribution of soil between piles
Figure 7 shows the horizontal (y-direction) displacement distribution of soil between piles under different pile arrangements. The blue area in the graph indicates smaller displacement and the red area indicates larger displacement. The displacement of the soil from the rear piles to the front piles gradually decreases, and the displacement in the middle is large and small on both sides. The shape is distributed in an arch convex to the front of the pile, which is the displacement arch. Compared with the parallel arrangement, the soil displacement between piles is smaller in quincunx arrangement, and the soil displacement between piles decreases faster from the rear row piles to the front row piles.
[image: Figure 7]FIGURE 7 | Displacement distribution in y-direction with different pile arrangements: (A) Parallel arrangement; (B) Quincunx arrangement.
Figure 8 shows the x-direction displacement distribution of soil between piles under different pile arrangements. The blue area indicates larger displacement in the x-negative direction, the red area indicates larger displacement in the x-positive direction, and the green area indicates smaller displacement and close to zero in the x-direction. the x-direction displacement of the soil on the side of the pile is larger while the x-direction displacement of the soil between the piles is small and close to zero with parallel arrangement. The soil displacement is mainly in the y-direction of the vertical pile center line, while the x-direction displacement at the pile side of the front row piles is significantly reduced compared with the rear row piles. Large x-directional displacements occur in the soil on the side of both the front and rear rows piles with the quincunx arrangement.
[image: Figure 8]FIGURE 8 | Displacement distribution in x-direction with different pile arrangements: (A) Parallel arrangement; (B) Quincunx arrangement.
Anti-slide piles are arranged in vertical sliding direction, when the soil is prevented from moving behind the piles to the front of the piles by the anti-slide piles, it will flow around both sides. The soil mainly flows around the rear row piles, and most of the soil only flows around once in the process of moving to the front slope with parallel arrangement, while the soil flows around the front and rear rows piles, and most of the soil needs to flow around twice to reach the front slope with quincunx arrangement. Therefore, the quincunx pile arrangement is more conducive to stopping the forward creep slipping of the soil between the piles.
The quincunx arrangement can effectively stop the soil between piles from sliding toward the front of the slope, mainly because the quincunx arrangement indirectly shortens the pile distance. According to previous research results (Wang, 2005), the influence of pile distance on soil arching effect is most significant, so any method that can directly or indirectly shorten pile distance can effectively enhance the soil arching effect between piles.
Load sharing ratio of pile with two pile arrangements
The load sharing ratio of piles is an important indicator of the soil arching effect (Cao and Meng, 2012). For the double-row piles, the front and rear rows piles and the soil between the rows form a whole and resist the residual sliding force of the landslide together (Wu and Zhang, 2007). The load sharing ratio among the three is important for the effect of double-row anti-slide piles to reinforce the slope and design safe and economical anti-slide piles. The anti-slide pile within a depth of 6 m is located within the slip body, which bears most of the load. Due to the soil in front of the piles being less at a depth of 2 m and above, the horizontal cross-sections at depth of 3 m, 4 m, 5 m and 6 m are chosen to calculate the load sharing ratio of the front and rear rows piles and soil between piles (Table 2).
TABLE 2 | The load sharing ratio of the front and rear rows piles and soil between piles.
[image: Table 2]Table 3 shows the load sharing ratio of double-row anti-slide piles in parallel and quincunx arrangements. The maximum value of load sharing ratio for quincunx arrangement appears at a depth of 3 m as 76%, the maximum value for parallel arrangement appears at a depth of 4 m as 69%, and the average value for both is 67.25% and 60%. Both the maximum and average values of quincunx arrangement are larger than parallel arrangement, so the quincunx arrangement is conducive to the soil arching effect, which makes more residual sliding force to migrate to the pile body.
TABLE 3 | The load sharing ratio of the whole piles.
[image: Table 3]From Table 2 and Table 3, the load sharing ratio of front and rear piles is different with increasing depth, the load in depth 3–5 m is mainly borne by rear piles, while the load in depth 5–6 m is mainly borne by front piles. But the load sharing ratio of rear piles is greater than that of front piles, the design should improve the strength of rear piles, increase the reinforcement, or reduce the diameter of front piles appropriately. The load sharing ratio of the row piles is greater than that of the parallel arrangement in the quincunx arrangement, and the load sharing ratio of the front row of piles is similar in both cases. The soil between the rows in the quincunx arrangement bears little load, while the soil between the rows in the parallel arrangement bears a larger load, so that the anti-slide force provided by the soil between the piles can be used as a safety reserve to improve the safety factor of the slope.
CONCLUSION
Due to the expansibility of the rock-soil mass of the Xinyan landslide, its sliding damage is influenced by a variety of factors. In this paper, based on the anti-slide pile reinforcement scheme of the Xinyan landslide, a three-dimensional model was established by FLAC-3D to simulate the soil arching effect between piles with different arrangements of double-row piles, the following conclusions are drawn:
(1) The soil arch is generated between two adjacent piles in the same row and parallel to each other in parallel arrangement; while it is generated between the front row pile and the adjacent rear piles in quincunx arrangement.
(2) The soil flows around the piles only once in parallel arrangement, while it flows around piles twice in quincunx arrangement, which is more conducive to stopping the creep slipping of the soil between the piles.
(3) When piles are arranged in double rows, the rear row piles bear a greater load than the front row piles. Compared with parallel arrangement, the load sharing ratio of rear pile is greater and the support effect is better with quincunx arrangement.
(4) In this paper, the study of soil arch effect is limited to numerical simulation analysis, which makes the deviation between simulated and real values. The next research will focus on establishing a physical model of the landslide and adjusting the numerical model through physical model tests to making the simulation results closer to the real values.
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