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Abstract: Bridge pile foundation on large-scale deposit body bears not only the vertical force transmitted from superstructure, 

but the lateral force transmitted from slope deformation, so the force situation is complex. The method of solving the internal 

force of piles which is simulated with solid elements is put forward in the paper. Taking Dahuaqiao bridge pile foundation as an 

example to carry out numerical simulation analysis. The distribution rules of axial force, shear force and bending moment of the 

pile in different position were analyzed. The results can provide the basis for the design and safety evaluation of bridge pile 

foundation. 
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1. Introduction 

In order to meet the urgent needs of the transportation for 

constructing hydropower stations, some bridges have to cross 

the river with large and shallow water, in the southwest 

mountainous areas with abundant water resources in China. 

So the bridge pile foundation is inevitably built on the 

large-scale deposit body. Compared with the general pile 

foundation, the bridge pile foundation built on the large-scale 

deposit body has its own characteristics, mainly in the 

following aspects: (1) the force condition is very complicated. 

The bridge pile foundation not only has to bear the vertical 

force and the horizontal force transmitted by the upper bridge 

deck structure, but also bear the lateral force of the 

deformation of the slope of the deposit body. The force 

condition is different from the general force of the pile, and far 

more complex than the anti-slide pile which just bear the 

horizontal force; (2) Deformation requirements strict. In order 

to avoid cracking and dislocation caused by excessive 

displacement of the anti-slide pile top, the deformation of the 

bridge pile foundation should be controlled within a 

reasonable range. (3) On the one hand bridge pile foundation 

hand the upper structure of the load transfer to the foundation, 

on the other hand it can play the role of anti-slide pile to 

prevent the slope deformation and instability. (4) It is highly 

affected by the change of reservoir water level. During the 

period of reservoir water storage and reservoir water level 

change, the deposit body slope is usually deformed towards 

the river bed direction, which have a direct impact on the 

deformation and stress conditions of the pile. Based on the 

considerations of deformation and bearing capacity, bridge 

piles on stacking bodies generally affect on the lower weakly 

weathered bedrock passing through the overburden, which 

constitute the complex structure of the superstructure-pile- 

deposit body – bedrock. As to receive and transmite force, pile 

foundation is necessary to provide sufficient horizontal and 

vertical bearing capacity to ensure the stability of the upper 

structure for. What's more the deformation of pile foundation 

should not be too large to avoid cracking of the upper structure 

to affect normal operation. Therefore, determining the 

distribution of shear forces, bending moments, and other 

internal forces of bridge pile foundations along pile depths, 

and analyzing the interaction between piles and soils have 

great significance to design and evaluate the deformation and 

stability of the superstructure. 
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Currently, the main research methods on the design and 

calculation of the slope pile foundation on the pile-soil 

interaction mechanism are model test method [1-5], analytical 

method [6-9] and numerical analysis method [10-15]. These 

methods are mostly limited to the field of anti-slide piles. In 

recent years, some research progresses have been made on the 

interaction between pile foundations and soil on bridges on 

slopes. Liu Jianhua et al adopted an indoor model test to 

discuss the force character of piles under different combined 

loads, and analyzed the distribution law of the earth pressure 

around piles along the pile depth [16]. Gong Xianbing et al 

worked on the indoor model tests of bridge pile foundations 

under different slope conditions and analyzed the law of load 

transfer under complex loading conditions [17]. Zhang 

Yongliang et al combined the indoor model test with the finite 

element analysis method to analyze the failure mechanism and 

bearing capacity of the bridge pile foundation under cyclic 

repeated loads, and established the nonlinear static calculation 

model of the pile group foundation [18]. Ning Xiayuan, Wu 

Guanxiong et al used the Winkle elastic foundation theory and 

the finite difference method to derive the analytical expression 

of the internal force and displacement of the pile foundation, 

under assuming the pushing force of slide behind piles is 

linearly distributed along the depth [19-20]. Based on the 

assumption that the distribution function of landslide thrust is 

a parabolic type, Wu Guanxiong et al established a finite 

difference solution for the analysis of the internal forces and 

displacements of piles foundation on high and steep slopes 

[21]. Liu Jianhua et al conducted an indoor model test of a 

bridge pile on rock slope, and compared the measured value 

with the numerical solution obtained from the finite difference 

calculation [22]. 

At present, the study on the interaction between pile and 

soil is focused on the reinforcement of slope in anti-slide pile, 

and the internal force and displacement of pile are solved by 

analytic method and semi-analytical method. The complex 

state of bridge pile foundation cannot be considered. This 

paper analyzes the interaction mechanism between pile and 

soil, analyzes the deformation and internal force distribution 

and load transfer characteristics of bridge pile foundation, 

taking the “Dahuaqiao” bridge pile foundation of the actual 

project of a hydropower station in southwestern China as an 

example. And the large-scale finite difference software 

FLAC3D is used to carry out three-dimensional numerical 

simulation analysis. 

2. Internal Force Calculation Method of 

Simulating Pile Foundation by Solid 

Element 

In FLAC3D, the simulation of single pile is generally used 

in two ways: (1) the use of solid elements, and the use of 

interface elements to simulate the interaction between the 

pile and soil; (2) Using the pile structural elements, and 

establish contact through the structural node with the 

surrounding solid elements or other structural elements. 

Under normal circumstances, the use of solid elements can 

simulate the interaction between the pile and soil better than 

the pile structural elements. Here we introduce the method to 

calculate shear force, bending moment, axial force and other 

internal force distribution of the pile according to the stress 

of the pile solid element. 

In general, the stress state at any centroid can be 

represented by 6 stress components, as 
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The stress on any oblique section is calculated as 
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Where, l, m, n is the oblique cross section of the outer 

normal vector in the x, y, z three coordinate components 

respectively. X, Y, Z is the stress component on the oblique 

cross section in the three axes. 

According to the force characteristics of pile foundation, 

the bridge piles embedded in bedrock can be regarded as 

cantilever beams fixed at one end. Selecting any horizontal 

cross-section of the pile as the object to study, and provides 

xoy plane established in the cross-section, z axis established 

 

Figure 1. Pile cross section stress diagram. 

as axis direction, as shown in Figure 1. Therefore the normal 

unit vector of the cross section is v = (0, 0, 1). According to 

Eq. (2), the stress on this surface is 

0
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The internal force of the pile is calculated as follows: 

= =∑∫
i

n z i

iA

N dA Aσ σ             (4) 
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Where, N: Pile body axial force; 

Tx, Ty: the shear force of Pile section along the x axis and y 

axis; 

Mx, My: the bending moment of the pile section around the 

x-axis and the y-axis; 

Ai: the area of the unit cross section 

xc, yc: the component of the distance between the unit 

centroid and the pile on the x-axis and the y-axis, 

respectively. 

3. Engineering Example 

3.1. Engineering Background 

Taking the pile foundation of the left bank of Dahua 

Bridge as the engineering background, the numerical analysis 

of pile-soil interaction was carried out. Dahua Bridge is a 

connecting bridge between Huanglong dam concentration 

and left bank along the river, located at about 20km upstream 

of Dahuaqiao Hydropower Station. The main bridge is a 

prestressed concrete continuous rigid frame bridge. Approach 

Bridge is a mounted reinforced concrete T - shaped girder 

bridge. The left bank of the bridge site is Dahua deposit body. 

Five piers are laid out there, which is Pile 2, Pile 3, Pile 4, 

Pile 5 and Pile 6 respectively. Pile foundation is artificial 

digging pile, and pile top is embedded in bedrock. C50 

concrete is used in bridge pier bearing and C35 concrete. is 

used in pile foundation. In order to ensure the stability of the 

deposit body at the bridge site, nine anti-slide piles are 

arranged between Pile 2 and Pile 3. The concrete slabs are 

arranged in front of the piles to form the sheet pile wall to 

increase their overall rigidity to bear the slope Landslide 

thrust transmitted from upper soil. 

3.2. Numerical Model and Material Parameters 

The load of the piers acting on the platform under three 

different working conditions is shown in table 1. 

According to the geological survey data, the surface layer 

of Dahua deposit body is Q4 loose overburden, and the 

underlying bedrock is Jurassic (J) purple shale and slate. The 

pile foundation of the bridge is weakly weathered bedrock, 

and the physical and mechanical parameters of the 

geotechnical materials are shown in the table 2. 

Table 1. Load design value of bridge piers on pile-cap under different operating conditions. 

Pile number Case 1 (kN) Case 2 (kN) Case 3 (kN) 

Pile 2 56170.448 59017.448 77726.948 

Pile 3 6684.8118 9905.3118 14465.0118 

Pile 4 3359.4 4830.2 3359.4 

Pile 5 2917.4 4388.2 5286.2 

Pile 6 791.2 1526.6 1975.6 

Table 2. Material parameters of Dahuaqiao deposit body. 

Material type 
Friction 

angle φ(°°°°) 

Cohesion 

c(kPa) 

Deformation modulus 

E(GPa) 

Poisson ratio 

µµµµ 

Dry unit weight 

γγγγ (kN/m3) 

Saturated unit 

weight γγγγsat(kN/m3) 

overburden 
above water 26 35 2.0 0.30 

21 22 
under water 23 15 1.6 0.34 

strong weathered bedrock 33 750 10 0.2 26.6 26.8 

weak weathered bedrock 40 2000 30 0.15 27.0 27.2 

concrete (bridge pile foundation) 45 1000 25 0.2 25.0 25.0 

 

In order to eliminate the influence of boundary on the 

calculation results, the model range is as follows: the width 

across the river is 170m, the length along the river is 310m, 

the maximum height is 210m. There are 130,378 nodes and 

163,867 elements in the numerical model. The mesh is 

mainly composed of the hexagonal elements. Bridge piles 

and anti-slide piles are modelled by solid elements, and the 

contact elements are set between the pile and soil, as show in 

Figure 2. 

The pile and soil were modelled as linear elastic and 

elastic-plastic materials respectively. Due to the large 

stiffness of the bridge pile and the anti-slide pile, the linear 

elastic model is adopted in the calculation. Normal constraint 

is adopted around the model, and the fixed constraint is 

adopted in the bottom, and considering the effect of step 

excavation during calculating. 
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(a) Numerical model 

 

(b) model mesh of pile 

Figure 2. Schematic diagram of model mesh. 

3.3. Calculation Results and Analysis 

The numerical analysis was carried out in the completion 

period, after slope excavation and bridge construction were 

completed. Figure 3 shows the distribution of pile 

displacement in different positions under three different load 

conditions. As can be seen from Figure 3, the displacement of 

different positions of the pile are different, but the overall 

trend is consistent under three different load conditions. For 

Pile 2, there is a dividing line in the range of 20m∼30m from 

the pile top. At the upper part of the dividing line, the upper 

part of the pile is moved downward and the low part is 

moved upward. The displacement of the pile top is about 4 

cm, indicating that there is a potential slip surface at the 

dividing line. For Pile 3∼Pile 6, the displacement along the 

pile has a tendency to decrease gradually. The displacement 

at the top of the pile is about 3 cm~4 cm, and at the pile end 

tends to 0, the displacement curve does not have the mutation 

phenomenon. It is indicating that the anti-slide pile has 

played a significant anti-sliding effect. 

 

(a) Pile 2 

 

(b) Pile 3 

 

(c) Pile 4 
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(d) Pile 5 

 

(d) Pile 6 

Figure 3. Displacement curves of piles 

 

(a) Pile 2 

 

(b) Pile 3 

 

(c) Pile 4 

 

(d) Pile 5 
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(d) Pile 6 

Figure 4. Axis force curves of piles. 

The distribution curves of the pile axial force along the 

pile in different positions under different load conditions are 

shown in Figure 4. It can be seen that the pile foundation at 

different positions is generally reduced along the pile depth, 

but it is significantly different in the trend of decreasing the 

axial force at different depth. There is a clear boundary in the 

depth of 30m~40m. The axial force at the upper part of the 

interface is reduced slowly and is fast at the lower part. 

Combining the geological profile, we can find that the 

interface is consistent with the foundation-cover boundary of 

each pile foundation. The reason is that the pile side friction 

force is not the same as that provided by the different types 

of soils, and the pile side friction force provided by the strong 

weathered rock is significantly larger than that of the upper 

part of the deposit body. In addition, the pile side friction 

force has been fully used, as a result that the rock at pile end 

bear small resistance. 

 

(a) Pile 2 

 

(b) Pile 3 

 

(c) Pile 4 

 

(d) Pile 5 
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(e) Pile 6 

Figure 5. Shear force curves of piles. 

 

(a) Pile 2 

 

(b) Pile 3 

 

(c) Pile 4 

 

(d) Pile 5 

 

(e) Pile 6 

Figure 6. Bending moment curves of piles. 
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The Figure 5 and Figure 6 shows the distribution of the 

shear and bending moments of the pile at different positions 

under three different combinations of conditions. It can be 

concluded that the shear force along the pile depth has a 

trend that increased first and fall later. There is a clear 

boundary at about 25m from the top of the pile. In addition, 

the distribution of pile shear is very close under the three 

different load conditions. The reason is that the shear force of 

the pile is mainly affected by the sliding force of the deposit 

body along the slope. 

Under different load conditions, the bending moment 

distribution of Pile 2 has the tendency of increasing first and 

decreasing later, and Pile 3~Pile 6 have the tendency of 

increasing first, decreasing later and then increasing again. In 

addition, the bending moment of pile 2 is obviously smaller 

than the other pile, and the bending moment of pile 

foundation in different positions increases with the rising 

elevation. The reason is that the deformation of the deposit 

body has obvious characteristics of the thrust-type, which is 

caused by large deformation of the upper part. A row of 

anti-slide piles arranged between pile 2 and pile 3 prevents 

the further deformation of the deposit body, so that pile 2 is 

subjected to a smaller bending moment. It is further 

demonstrated that the reinforcement effect of anti-slide pile is 

remarkable. 

4. Conclusions 

1. The method has been developed to calculate the internal 

force of piles when the pile is simulated with solid elements and 

the contact surface is simulated with interface elements. It is 

proved that the numerical solution has a good agreement with 

the theoretical solution through a cantilever beam example. 

2. The pile foundation at the left bank bridge of Dahuaqiao 

has been simulated using FLAC3D. The result shows that, 

the axial force distribution along the pile in different 

positions is gradually decreasing with the increase in depth, 

and the decreasing amplitude is different in different soils. 

The distribution rules of the displacement, shear force and 

bending moments of Pile 3~Pile 6 are basically same, and 

has a significant difference with Pile 2 due to the anti-slide 

pile. The result indicate that the anti-slide pile reinforcement 

effect is remarkable. 
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