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Abstract: Stabilizing piles are now considered one of the most effective measures of enhancing the stability of landslides, the 

horizontal soil arching effect has an important influence on the force of the structure between piles. Until now, the variation of the 

soil arching height along pile length is not considered in practice, and the variation which can affect the force of stabilizing piles 

and the structures between piles. This paper presents the numerical simulation to analyze the law of the variation of soil arching 

height along pile length. The results show that (a) the height of the soil arching decreases monotonously along pile length; (b) the 

position of the soil arching appears above sliding surface and under the pile-top; (c) the soil arching effect cannot be considered 

under the sliding surface. 
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1. Introduction 

In China many people live around mountainous areas and 

with the development of railway and highway construction 

projects around those areas, in recent years, more and more 

residents have to face with the landslide threats. As a result, 

stabilizing piles combined with other structural measures 

have been developed for the treatment of slope instabilities, 

which in nowadays practice of slope reinforcement its 

common the use of stabilizing piles across the active or 

potential failure surface, combined with other soil retaining 

structures, such as gravity walls, cantilever walls or soil 

nail walls between piles and it is proven that soil arching 

effect is the key factor that affect the load distribution 

against the composite retaining structure [1]. Therefore, 

many researchers have done a lot of studies on soil arching. 

Such as, Kahyaoglu et al. [2] using a high-speed camera 

have successfully captured the displacement of the soil 

behind the stabilizing piles, which confirmed the existence 

of the soil arching effect. Pardo et al. [3] through numerical 

simulation and laboratory model tests have reproduced the 

process of soil arching formation. While the soil arching 

effect was confirmed, many researchers based on the theory 

of soil arching have studied the effect of soil arching on the 

load distribution against stabilizing piles. For example, 

Dalvi et al. [4] argued that the internal friction angle of the 

retained soil affected the load distribution on the stabilizing 

piles. Li et al. [5] based on the theory of soil arching, 

concluded that the translation of the retaining wall between 

piles and the pile spacing affects the load distribution on the 

stabilizing piles. Cai et al. [6] based on the theory of soil 

arching, proposed the calculation method of passive earth 

pressure behind the soil arching. Zhao et al. [7] based on the 

theory of soil arching, concluded that horizontal soil 

arching has a great influence on the load distribution 

against a composite retaining structure of pile–wall–pile 

system. Li et al. [8] proposed a new method of calculating 

earth pressure based on the soil arching effect. It was 

concluded that the shape of soil arching was affected by 

pile shape and pile spacing, and different soil arching 

shapes had different influence on pile structures. However, 

the application of horizontal soil arching in the past was 

mainly focused on the determination of pile spacing. For 



45 Dengfeng Li et al.:  Study of Vertical Variation Regularity of Horizontal Soil Arching Height Along Pile Length  

 

example, Li et al. [9], have proposed the formula for 

calculating the spacing of piles using a mechanical model 

of the soil behind the piles. Yang et al. [10] through the 

centrifugal model test, analyzed the influence of stabilizing 

pile width and spacing on the soil arching effect. Zhao et al. 

[11] based on the theory of soil arching, proposed a formula 

for the calculation of the spacing for circular cross-section 

of stabilizing piles. 

However, studies on the method of quantification of the 

load against the retaining structure between the stabilizing 

piles based on the theory soil of arching effect are still 

scarce. Actual in the above studies the calculation of the 

load acting against the retaining structure between the 

stabilizing piles is done using the following methods: (1) by 

directly using the coulomb active earth pressure theory 

without considering the soil arching effect; (2) estimating 

the earth pressure using the wall height and the soil gravity; 

(3) by using the coulomb active earth pressure and 

increasing the soil strength parameters of cohesion and 

internal friction of the soil, in order that the active earth 

pressure against the retaining wall is reduced, for example 

some railway design codes my recommend to increase the 

internal friction angle of the soil by 5° [12]; (4) by using the 

coulomb active earth pressure and multiplying it with a 

reduction coefficient of 0.7~0.8 [13]; (5) the pressure of the 

board load refer to the pressure of the load-off arching 

when considering the plate between piles flexibility. To a 

certain extent the above calculation method have 

recommended the application of the theory of soil arching 

to engineering problems, but they does not consider the 

variation of soil arching height along the pile length. 

 

Figure 1. Sketches of the combination of stabililzing piles and retaining walls and soil arching. 

The variation of the soil arching height with the pile length 

leads to the variation of the load distribution against the 

retaining structure between piles [14]. Figure 1(a), illustrate 

the force acting on the composite structure of stabilizing piles 

combined with retaining wall between piles, when the 

variation of the soil arching height along the pile length is 

considered, the earth pressure acting on retaining wall 

between piles is produced by the sliding soil in front of the soil 

arching, as shown in Figure 1(b), will be different for example 

from that calculated by using the Swedish slice method 

combined with the theory of soil arching when the arching 

height is taken as constant along the pile length. 

The main purpose of this paper is to study the variation of 

soil arching height along the pile length using numerical 

simulation method, thus making a helpful contribution to the 

improvement of the theory of soil arching, that will make the 

design of composite structures (stabilizing piles combined 

with retaining wall between piles) more practical, when the 

soil arching effect is considered. 

2. Numerical Simulation of Soil Arching 

Height Variation 

2.1. Model Building 

The finite difference program Fast Lagrangian Analysis of 

Continua in Three Dimensions (FLAC 3 D) Version 3.1 

(Itasca 2006) is used for the analyses presented in this paper, 

due to its ability to model the physical geometry of the 

landslide and provides suitable constitutive models for rock 
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and soil material, which could better reproduce the soil 

arching effect under the action of landslide thrust. In this 

study the slope D 1K 70+360 ~ DK 70+390 along the 

railway between Dazhou to Bazhong (on the right side) is 

taken as an example slope. Since the slope is to a tunnel exit 

that is narrow and steep, so is not suitable for unloading 

treatment through excavation, thus stabilizing piles were 

recommended as initial design measures for the slope 

reinforcement. The landform of the region is composed of 

low mountains/hills, its ground elevation is about 270 ~ 

480m, the relative height difference is about 30 ~ 120m, the 

natural slope gradient vary between 10° ~ 40°, partially steep, 

with ravine features on the left and the right; the slopes has 

lush vegetation and the topography of the intermountain 

terrain is relatively flat, also it has paddy fields with ravine 

developments, the slope mass is mainly composed of heavily 

weathered mudstone of residual soil layer with 60m thick. 

The geological profile is shown in Fig. 2 

 

Figure 2. Slope geometry and geologic profile in (m). 

2.2. FLAC 3 D Numerical Model 

The FLAC 3 D numerical model with its corresponding 

dimensions and boundary conditions are shown in Fig. 3, 

with slope stabilizing piles installed on the right side of the 

railway grade on the slope, the outer boundaries of the model 

are restrained in both sides of the horizontal direction of 

x-axis and y-axis and the bottom is also restrained in the xyz 

directions, the direction of x-axis is parallel to the dip 

direction of the slope, the direction of y-axis parallel to the 

strike direction of slope and the z-axis is in the same 

direction as the slope height (defined as the positive in the 

vertical upward direction), where X, Y, Z meet the right hand 

rule. 

 

Figure 3. FlAC 3 D numerical model profile in (m). 

In order to study the variation of soil arching height along 

the pile length, a FEM numerical simulation model is built. 

The quadrilateral meshes are used in the FEM model. In this 

model, the stabilizing pile section size is 2 m × 3 m (width × 

height) and 16 meters in length is selected, with a 

center-to-center distance of 7 meters, the width of the slope is 

13 meters considering the boundary effect. The FLAC 3 D 

three-dimensional model is shown in Fig. 4. The FLAC 3 D 

software is used to conduct the numerical modeling, the 

stabilizing piles are assumed to obey the elastic model and the 

slope soil mass is considered as a Mohr-Coulomb material, the 

physical and mechanical parameters of the stabilizing pile and 

the soil mass are shown in Table 1. 

 

Figure 4. FLAC 3 D three-dimensional model. 

Table 1. Physical and mechanical parameters of stabilizing piles and soils. 

Material Unit Weight (Kn. m-3) Bulk Modulus (kPa) Shear Modulus (kPa) Cohesion (kPa) Internal friction angle (°) 

Soil 17.5 5×104 2.31×104 24 35 

Pile 25 1.46×107 1.28×104 
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2.3. Soil Arching Formation Mechanism and Classification 

Due to the presence of soil arching effect the driving force 

caused by the landslide mass will be redistributed to 

stabilizing pile, thus the driving force could act on the back 

wall or the sidewall of the stabilizing piles. As shown in 

Figure 5, the soil arching is divided into the end-bearing 

arching and the friction arching [15], that are referred as a 

separate soil arching [16], therefore, the end-bearing arching 

means that the driving force transferred through the soil 

arching to the stabilizing pile is concentrated on the backwall 

of the pile, as shown in Figure 5, height of the end-bearing 

arching is H 1, in Figure 5 point A, B and C represent the 

upper vertex of outer line of end-bearing soil arching, the 

vertex of axis line of the end-bearing soil arching, the lower 

vertex of the inner line of end-bearing soil arching or the 

upper vertex of the outer line of end-bearing soil arching 

respectively. The soil arching between the piles is referred to 

as the friction arching, which is formed when the driving 

force transferred to the stabilizing piles concentrated on the 

sidewall of the piles, the height of the friction arching is H 2. 

Point D, E and F represent the vertex of axis line of friction 

arching, the middle point of the pile back connection, the 

vertex of the inner line of frition arching respectively. 

Therefore, the slope driving force is first transferred through 

the soil arching to the back wall of the stabilizing piles and 

forms a stable body with end-bearing arching. When failure 

occurs to the end-bearing arching, the slope driving force 

will be concentrated on the sidewall of piles, forming a 

friction arching to stabilize the landslide. 

 

Figure 5. Classification of soil arching. 

3. Discussion on Soil Arching Height 

Variation Along the Pile Depth 

Since the impact of the driving force is greater in 

X-direction, then the variation of the soil arching height will 

be studied using the x-direction stress contour (SXX). As 

shown in Figure 6, four typical stress contours in horizontal 

planes are selected for the study purpose. 

 
(a) Horizontal stress contour at 1.0m below the pile top in the x-direction 

 
(b) Horizontal stress contour at 3.0m below the pile top in the x-direction 
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(c) Horizontal stress contour at 7.0m below the pile top in the x-direction 

 
(d) Horizontal stress contour at 8.0m below the pile top in the x-direction 

Figure 6. Horizontal stress contours at different depths from the top of the pile in the x-direction. 

As shown in Fig. 6(a), among the four previously 

selected sections the position of the highest soil arching 

height (about 3.7m) is located at a depth of 1.0m below the 

top of the pile, and the outer arch vertex is located on the 

back wall of piles. It can be seen that the slope driving force 

is concentrated on the back wall of the stabilizing piles, in 

this case the soil arching is end-bearing arching. From Fig. 

6(b), it can be observed that the position of the second 

highest soil arching is 3.0m below the top of the piles, the 

location of the outer arching edge is the same as above, 

which means that the soil arching also is the end-bearing 

arching. The soil arching height is smaller than 3.0m at a 

depth of 7.0m below the top of the piles, and Figure 6(c), 

shows that the outer arch vertex is located on the sidewall of 

piles, indicating that the slope driving force is concentrated 

on the pile side face, in this case the soil arching is 

considered as friction arching. The critical depth between 

the end-bearing arching and friction arching is 5.8m below 

the piles. Figure 6(d) illustrates that the potential failure 

surface of the slope is located at a depth of 8.3m from the 

top of the pile, indicating that the soil arching appears only 

above the potential failure surface under the top of piles, 

thus the soil arching height of the outer arch decreases 

monotonously with the pile depth. According to the 

numerical simulation results, some conclusions are as 

follow: The driving force from the slope is transferred to 

the stabilizing piles through the soil arching, and with the 

increase of the depth of piles, the slope driving force 

concentrate on the back wall of the pile to form the 

end-bearing arching that stabilize the unstable soil mass. 

Nevertheless, when the end-bearing arching failure occurs, 

the slope driving force will be concentrated on the pile side, 

through the friction arching to stabilize the unstable soil 

mass. The variations of the outer-arching height along the 

direction of the pile length are shown in Fig. 7. 

As shown in Fig. 7, the height of the outer-arch is 

reduced monotonously with the increasing of the depth, and 

the soil arching only appears under the top of the pile and 

above the sliding surface, which means that the soil arching 

effect is not considered under the sliding surface. 

Combined with the results of the centrifuge test by Yang et 

al [17], according to the similar-ratio principle, the pile 

spacing is 7.0m with each pile width is 2.0m, and the height 

of the soil arching between piles is 2.0m. Due to the 

variation of the soil arching height along pile length is not 

considered in the above-mentioned test, therefore, the 

results of the numerical simulation in this paper show that 

the minimum height of the soil arching is 2.4m, which 

closed to the test results. The errors stem from the 

difference of the physical and mechanical properties 

between the soil used by numerical simulation and test 

results, and the soil in test cannot fully meet 

Mohr-Coulomb criterion, which indicated that the results of 

the numerical simulation are realistic and believable. 
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Figure 7. Soil arching height at different depths. 

4. Conclusions 

The horizontal soil arching of mudstone residual soil slope 

appears only above the slope failure surface under the top of 

the pile, and the soil arching is not considered under the failure 

surface, and the soil arching height decreases monotonously 

with the increase of the pile depth. 

The slope driving force is transferred to the stabilizing 

through the soil arching, along the depth of the pile the driving 

force is concentrated on back wall of the stabilizing pile, 

leading to the formation of end-bearing arching, which in turn 

decrease with the increase in depth of the stabilizing piles, in 

this way the driving force is gradually transferred to the 

stabilizing pile through the friction arching, and the results of 

this study can be applied to the mudstone or granite residual 

soil, that is, the slope soil material should obey the 

Mohr-Coulomb criterion. If the soil does not satisfy the 

Mohr-Coulomb criterion, the variation law of the soil arching 

height should be studied further. 
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