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Abstract

In order to analyze the deformation and stress characteristics of the pile
foundation on the slope, this paper uses the finite element software Abaqus
for numerical simulation. The displacement and stress data of pile under dif-
ferent working conditions (the combination of heap load and vertical load
and horizontal load and inclined load) were collected; the distribution of pile
displacement, axial force and bending moment were analyzed. Simulation
results show that: slope top loading has little effect on vertical displacement;
when the heap load exceeds 200 kPa, the horizontal displacement is greatly
affected. Pile axial force decreases with pile burial depth; pile lateral resistance
plays a more adequate role in the rock and soil layer. The bending moment of
double pile foundation is positive at the top and negative at the bottom. Ap-
plied oblique load has obvious p-A effect.

Keywords

High and Steep Slope, Double Pile Foundation, Numerical Modeling, Heap
Load, Abaqus, Influence Degree

1. Introduction

With the rapid development of our country’s economy, roads and railways are
extended to all parts of the country; in some mountainous and hilly areas, many
bridge piles need to be located on steep slopes due to the terrain. Compared with
the pile foundation on the flat ground, the pile foundation on the steep slope has
certain particularity. In addition to bearing the load of the superstructure, it
usually also bears the soil pressure from the slope. Therefore, it is of practical
significance to study the deformation and stress of double pile foundation on the
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slope. Many experts and scholars at home and abroad have carried out in-depth
research on the impact of vertical and horizontal loads on pile foundation. Zhao
Minghua [1] adopted the finite element method to simulate the field tilting load
test and the field negative friction test, and analyzed the stress characteristics of
foundation pile under the combined action of tilting load and negative friction.
Feng Zhongju [2] established a three-dimensional spatial model of bridge pile
foundation in deep soft foundation area by theoretical analysis and numerical
simulation, and analyzed the variation rules of vertical ultimate bearing capacity,
pile tip resistance and pile lateral resistance of pile foundation under different
working conditions. Zheng Gang [3] established a numerical model by using the
limit analysis method of discontinuous layout optimization (DLO) to analyze the
influence of slope geometry size, soil parameters and foundation position on the
ultimate bearing capacity of slope strip foundation and slope failure mode. Chu
Chengfu [4] adopted the “m” method to simulate pile-soil interaction, estab-
lished the pile foundation control differential equation according to the force
and torque balance conditions, established the second-order precision difference
equation, and numerically simulated the displacement and internal force of the
foundation pile. Luo Weihua [5] used finite element software Marc to analyze
the influence of pile spacing change, pile stiffness change, rock-socketed depth
change and rock-soil quality around pile on the stress and displacement of
double-row piles of pile pier. Zhao Minghua [6] established an improved finite
rod element method applied to the analysis of internal force displacement of pile
foundation of bridge with high and steep slopes through the treatment of pile
load and boundary conditions.

In summary, at present, there are many researches on the bearing characteris-
tics of single pile, and most of them are on the pile foundation on the flat
ground, and there are few researches on the deformation and stress of double
pile foundation under steep slope. The numerical simulation method is used to
study the deformation and stress characteristics of double pile foundation under

the action of pile load and various loads on the high and steep slope.

2. Finite Element Model

Abaqus is a powerful set of numerical software for engineering simulation. In
this paper, the general finite element software Abaqus is used for numerical si-
mulation analysis. Abaqus is very effective in dealing with the problems of soil
material nonlinearity and complex contact between pile and soil, and it is an ef-
fective tool for analyzing the problems of pile-soil interaction.

The pile body adopts the linear elastic body constitutive model, the soil body
adopts the Mohr-Coulomb constitutive model, the pile-soil contact adopts the
contact pair to realize, the model is a three-dimensional solid model, the soil
body diameter is 20 times the pile body diameter, and the pile bottom soil depth
is 20 times the diameter of the pile. Since the pile-soil model is completely sym-

metrical, in order to facilitate calculation, half of the model is used for calcula-
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tion. See Table 1 for the selection results of soil physical and mechanical para-
meters.

In the calculation process, the left and right sides of the model use fixed
boundaries in the x direction, the back side of the model uses fixed boundaries
in the y direction, the bottom of the model uses fixed boundaries in the x, y, and
z directions. The other surfaces all use free boundaries, and the mesh of the
model is shown in Figure 1.

3. Model Validation

In order to verify the accuracy of the model and the rationality of parameter se-
lection, the example in literature [7] is used for model verification. Literature [7]
described a field test study on a highway in Hunan Province. Based on the
measured results, this paper uses Abaqus to simulate the field test. The compar-

ison between the calculation results and the test results is shown in Figure 2.

5

z

Figure 1. Three-dimensional finite element meshing of pile foundation of rock slope
bridge.

Table 1. Physical and mechanical parameters of rock and soil layers.

Natural Characteristic Elastic . Internal
. . . Cohesion o
Soil name density value of bearing ~ Modulus (iPa) friction
(g:em™) capacity (kPa) (MPa) angle ()
Planting soil 1.90 160 150 25 18
Gravel silty clay 1.95 180 250 25 20
St 1 h
rongly weathered 2.15 380 3600 40 25
dolomite limestone
Moderately weathered
2.30 1200 7800 60 40

dolomite limestone
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Figure 2. Comparison of calculation results with literature measurement results.

From the figure, it can be seen that the results calculated by the finite element
software are in good agreement with the field test results, indicating the me-
ta-results can reflect the true characteristics of the pile.

4. Model Introduction and Calculation Conditions

4.1. Model Introduction

This article selects the examples in literature [7] for further analysis. The diame-
ter of the double pile is 2 m, the length of the pile is 25 m, and the height of the
pier is 8.88 m. The elastic modulus of the pile, column and beam is 2.95 x 105
MPa. The distribution of soil around the pile and the size of the pile foundation
are shown in Figure 3.

4.2. Calculation Condition

In order to better simulate the effect of stacking on the deformation and stress of
the double-pile foundation, I used three combined loading conditions: stacking
and vertical loads, stacking and horizontal loads, and stacking and tilting loads.
Under the first working condition, assuming that the horizontal load H = 0, un-
der the action of different heap loads N (200 kPa, 225 kPa, 250 kPa, 275 kPa, 300
kPa, 325 kPa), applied load vertical V (8 MPa, 16 MPa, 24 MPa, 32 MPa, 40
MPa, 48 MPa) in stages. Under the second working condition, assuming the ver-
tical load V = 0, under the action of different stacking loads N (200 kPa, 225 kPa,
250 kPa, 275 kPa, 300 kPa, 325 kPa), applied the horizontal load H (500 kPa, 600
kPa, 700 kPa, 800 kPa, 900 kPa, 1000 kPa) in stages, Under the third working
condition, under the effect of different stacking N (200 kPa, 225 kPa, 250 kPa,
275 kPa, 300 kPa, 325 kPa), vertical load V (8 MPa, 16 MPa, 24 MPa, 32 MPa, 40
MPa, 48 MPa) and horizontal load H (500 kPa, 600 kPa, 700 kPa, 800 kPa, 900
kPa, 1000 kPa) were applied at the same level.
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Figure 3. Size of pile foundation and distribution of rock and soil layers.

5. Calculation Result Analysis

5.1. Combination of Stacking and Vertical Loads

Assuming that there is no horizontal load (H = 0), under the action of different
stacking N (200 kPa, 225 kPa, 250 kPa, 275 kPa, 300 kPa, 325 kPa), graded ver-
tical load V (8 MPa, 16 MPa, 24 MPa, 32 MPa, 40 MPa, 48 MPa), to simulate the
impact of pile loading on high steep slopes on the vertical bearing capacity of the
project pile foundation.

The drawing of the load-displacement curve of the pile under various loads
and the axial force curve of the pile body is shown in Figure 4.

As can be seen in Figure 4, as the vertical load increases, both the vertical and
horizontal displacements of the pile top increase, and the vertical and horizontal
displacement of the front pile are slightly smaller than the rear pile. In addition,
with the increase in the slope top load, the vertical displacement of the pile top
changes little, while the horizontal displacement changes greatly. Table 2 and
Table 3 give the vertical and horizontal displacement of the pile top under dif-
ferent loading effects and the degree of influence of the stacking load on the ver-
tical and horizontal displacement changes. It can be seen from the table that un-
der different stacking loads, the effect of vertical displacement is very small, the
largest is only 3.5%, which can be ignored, and the degree of influence of hori-
zontal displacement is very large, the maximum can reach 1271.6%. For exam-
ple, when the vertical load is 24 MPa and the stacking load is 300 kPa, the influ-
ence degree of the vertical displacement generated by the slope top is —0.2%, and
the influence degree of the horizontal displacement is 414.7%.

When the vertical load is 16 MPa, the displacement curves of different pile
tops are shown in Figure 5.

It can be seen from Figure 5(a) that with the increase of the stacking load, the
vertical displacement of the rear pile will be slightly larger than that of the front
pile, and the change rule of the vertical displacement of the front and rear
double piles is basically similar. When the stacking load is about 200 kPa, an ex-

treme point appears in the vertical displacement, that is, there is an optimal
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Figure 4. Load-displacement curve under different heap loads. (a) Vertical displacement;
(b) Horizontal displacement.
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Figure 5. When the vertical load is 16 MPa, the top displacement of different piles. (a)
Vertical displacement; (b) Horizontal displacement.

Table 2. Statistics of vertical displacement of pile top under different stacking.

0 200 225 250 275 300 325
Vertical
Load (mPa)
8 -7.58/0 -7.75/2.3 -7.78/2.7 -7.78/2.6 -7.81/3.1 -7.84/3.5 -7.85/3.5
16 —14.34/0 —14.2/0.5 —14.25/0.6 —14.38/0.1 -14.37/0.2 -14.36/0.1 -14.39/0.3
24 -21.20/0 -21.0/0.8 -21.1/0.9 -21.21/0.3 -21.18/0.1 -21.15/0.7 -21.19/0
32 -28.42/0 —-28.1/0.1 —28.05/1.3 -28.35/0.3 —28.28/-0.5 —28.23/-0.7 —28.63/0.7
40 -36.16/0 —36.77/1 —35.69/13 -36.05/0.2 —35.97/-0.5 —35.89/-0.5 —35.29/-2.4
48 —43.99/0 -43.4/-1 —43.5/-1.1 —43.8/-0.2 —43.81/-0.4 —43.73/-0.6 —43.63/-0.8
Note: Where Y = D, =D, , Y is the degree of influence of pile loading on the displacement of the pile

0
top. D, is the pile top displacement when the load is N, D, is the pile top displacement when the load

is 0.

stacking value to minimize the vertical displacement of the pile top, however, the
loading has little effect on the vertical displacement, which is only 10 mm small-
er than the maximum vertical displacement, which can be ignored. As shown in
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Table 3. Statistics of horizontal displacement of pile top under different stacking.

\ Heap
\\\ load
\ (kPa)
\
\
\ 0 200 225 250 275 300 325
\
Vertical
Load (MPa)
8 1.24/0 1.68/35.7 1.94/56.7 2.78/124.1 3.69/197.4 4.65/274.9 5.65/355.5
16 1.30/0 1.96/50.5 2.35/80.8 3.01/131.2 4.16/220.0 5.66/335.0 6.75/419.4
24 1.37/0 2.04/48.8 2.75/100.5 3.88/183.0 5.04/268.0 7.05/414.7  9.05/560.7
32 1.43/0 2.13/48.7 3.14/119.7 4.66/225.8 6.13/328.7 8.44/490.5 12.14/749.3
40 1.49/0 2.19/46.8 3.70/148.6 5.62/277.0 7.89/429.5 11.21/652.2 16.21/987.8
48 1.55/0 2.24/44.6 4.26/174.6 7.27/369.1 10.24/560.8 14.26/820.0 21.26/1271.6

Note: Where Y = Dy=Dy , Y is the degree of influence of pile loading on the displacement of the pile
0

top. D, is the pile top displacement when the load is N, D, is the pile top displacement when the load
is 0.

Figure 5(b), as the stacking load increases, the horizontal displacement of the
rear pile will also be slightly larger than that of the front pile. When the stacking
load is less than 200 kPa, the development of horizontal displacement is very
slow, and the horizontal displacement of the pile top is within 0.5 mm. When
the stacking load reaches 200 kPa, the horizontal displacement develops rapidly,
reaching 7 mm. This shows that there is a critical stacking value. When the
stacking load is greater than this value, the horizontal displacement will increase
faster, and it is easy to exceed the limit horizontal displacement value. The rea-
son for this stacking threshold is that when the top of the slope is small, the
stress propagation does not reach the vicinity of the pile, nor does it have a
thrust effect on the pile. In actual engineering, it should be avoided as much as
possible.

Under different stacking loads, the axial force of the pile body is shown in
Figure 6.

It can be seen from Figure 6 that the axial force of the pile body gradually de-
creases with the depth of the pile, indicating that the measured resistance of the
pile bears part of the load from the upper part. When the pile depth is more than
13 m, the axial force of the pile body does not change much. When the pile
depth is less than 13 m, the axial force of the pile body begins to decrease rapid-
ly. This is because the pile depth of 13 m happens to be the boundary between
clay and limestone, and limestone can better exert the resistance of the pile.

5.2. Combination of stacking and Horizontal Loads

Assuming no effect of vertical load (V = 0), under the action of different
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Figure 6. Axial force distribution curve of pile body.

stacking N (200 kPa, 225 kPa, 250 kPa, 275 kPa, 300 kPa, 325 kPa), the horizon-
tal load H (500 kPa, 600 kPa, 700 kPa, 800 kPa, 900 kPa, 1000 kPa) is loaded
stepwise to simulate the top of the high steep slope effect of stacking on hori-
zontal bearing capacity of engineering pile foundation.

The load displacement curve of the pile under various loads is shown in Fig-
ure7.

It can be seen from Figure 7 that the horizontal displacement of the pile top
increases with the increase of the horizontal load, and increases with the increase
of the slope top load. Table 4 gives the horizontal displacement of the pile top
under different loading effects and the degree of influence of the loading on the
horizontal displacement changes. It can be seen that the degree of influence of
the heap load on the horizontal displacement increases as the heap load increas-
es. Under the horizontal load of 600 kPa, the influence degree is only 6.2% when
the heap load is 225 kPa, and the influence degree is 113.6% when the heap load
is 325 kPa.

When drawing a horizontal load of 700 kPa, the horizontal displacement
curve of the pile top under different stacking loads is shown in Figure 8.

It can be seen from Figure 8 that there is a critical value. When the slope top
load is less than 200 kPa, the horizontal displacement of the pile top grows very
slowly, and the horizontal displacement increases only 0.2 mm. When the
stacking load is 300 kPa, the horizontal displacement increases by 6.98 mm.
Therefore, in actual engineering, the top load of the slope should be avoided as
much as possible.

Under different loadings, the section bending moment of the pile is shown in
Figure 9.

It can be seen from Figure 9 that the bending moment will increase with the
increase of the load, the maximum bending moment point is at the top of the
pile, the zero bending moment point is located at the pile body 5 - 10 m, and the
position of the zero bending moment point is toward the pile move down.
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Table 4. Statistics of vertical displacement of pile top under different stacking.

\ Heap
\\ load
\ (kPa)

\

\
Y 0 200 225 250 275 300 325
(%)

Vertical
Load (kPa)

500 6.39/0  6.94/8.5 7.12/11.3  7.33/14.7 7.80/22.0 9.58/49.9 12.43/94.5
600 6.83/0  7.25/6.2  7.79/14.2 8.39/22.9 9.01/32.1 11.26/65.1 14.57/113.6
700 7.57/0  8.18/8.1 8.91/17.6  9.67/27.8 11.00/45.3 13.98/84.6 17.76/134.6
800 8.95/0  9.94/11.0 10.64/18.9 11.98/33.8 13.57/51.6 17.25/92.7 21.99/145.7
900 10.89/0 11.80/8.36 12.53/15.08 14.34/31.6 16.88/54.9 21.55/97.9 28.26/159.4
1000 12.65/0  13.80/9.5 15.26/21.1 17.74/40.7 20.25/60.7 25.90/105.5 35.59/182.4

Note: Where Y = Dy=Dy , Y is the degree of influence of pile loading on the displacement of the pile
0

top. D, is the pile top displacement when the load is N, D, is the pile top displacement when the load
is 0.

Different from the single pile, the upper bending moment of the double pile
structure is positive, and the lower bending moment is negative. The reason for
the difference from the single pile is that the double pile structure is integrated
with the tie beam and the cover beam, which can share the load. At a depth of
about 13 m, there is a point where each stacking curve passes through. The
depth of this point is just at the boundary between the upper and lower soil lay-

€rs.

5.3. Combination of Stacking and Inclined Loads

Under different loads N (200 kPa, 225 kPa, 250 kPa, 275 kPa, 300 kPa, 325 kPa),
the vertical load V (8 MPa, 16 MPa, 24 MPa, 32 MPa, 40 MPa, 48 MPa) and ho-
rizontal load H (500 kPa, 600 kPa, 700 kPa, 800 kPa, 900 kPa, 1000 kPa) loading
at the same level, to simulate the impact of pile top load on the bearing capacity
of pile foundation under complex load conditions in high and steep slopes. The
stress field at the last stage of combined load is shown in Figure 10.

The load-displacement curve of piles under various levels of loading is shown
in Figure 11.

As can be seen from Figure 11 and Table 5 and Table 6, the influence of ho-
rizontal load and load on vertical displacement is very small, the maximum in-
fluence degree is only 5.6%, the impact is negligible. However, compared with
the conditions with only heap load and horizontal load, the horizontal displace-
ment under inclined load is greater than that under only horizontal load under

the same horizontal load. When the load horizontal component is 700 kPa and
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Table 5. Statistics of vertical displacement of pile top under different stacking.

Heap
. load
\ (kPa)
r \ 0 200 225 250 275 300 325
%)\
Vertical
Component
(MPa)
8.00 —-6.50/0 —6.62/1.8 —6.67/2.6 —-6.73/3.5 —-6.78/4.3 —-6.82/5.0 —-6.87/5.6
16.00 -13.05/0 -13.10/0 —-13.12/0.2 -13.14/0.3 -13.15/0.4 -13.16/0.5 -13.16/0.5
24.00 -19.67/0 -19.71/0 -19.71/0 -19.71/0 -19.70/0 -19.69/0 -19.67/0
32.00 -26.54/0 —-26.53/0.1 -26.52/0.1 -26.50/0 —-26.48/-0.1 —-26.45/-0.2 -26.42/-0.3
40.00 —-33.94/0 -33.90/0 -33.87/-0.1 —-33.83/-0.2 -33.79/-0.3 —-33.74/-0.5 -33.69/-0.6
48.00 -41.51/0 —-41.47/-0.1 —41.44/-0.1 —41.40/-0.2 -41.36/-0.3 -41.31/-0.5 —-41.25/-0.6

-D,

0

Note: Where Y = Dy

0

loadis N, D, is the pile top displacement when the load is 0.

, Y is the degree of influence of pile loading on the displacement of the pile top. D, is the pile top displacement when the
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Table 6. Statistics of vertical displacement of pile top under different stacking.

Heap
load
\ (kPa)
Y. \
Y%) 0 200 225 250 275 300 325
Vertical
Component
(kPa)
500 6.39/0 6.89/7.8 7.94/24.2 8.64/35.2 9.46/48.1 12.34/93.1 14.26/123.1
600 6.83/0 7.55/10.6 8.90/30.3 9.90/44.9 11.99/75.5 15.57/128.0 18.51/171.0
700 8.07/0 8.84/9.5 10.47/29.7 12.13/50.3 14.52/79.9 18.78/132.7 23.75/194.3
800 9.75/0 10.94/12.2 12.56/28.8 14.49/48.7 18.25/87.2 23.10/136.9 31.02/218.2
900 11.89/0 14.21/19.5 16.19/36.2 18.82/58.3 23.55/98.1 30.38/155.5 41.30/247.3
1000 16.00/0 19.98/24.9 22.52/40.8 26.13/63.3 32.83/105.2 40.61/153.8 55.05/243.8
D, -D

Note: Where Y=—"—-=2, Y is the degree of influence of pile loading on the displacement of the pile top. D, is the pile top displacement when the

0

loadis N, D, is the pile top displacement when the load is 0.

the heap load is 300 kPa, the horizontal displacement under the inclined load is
18.78 mm, the horizontal displacement under horizontal load is 13.98 mm, in-
creasing by 34.3%, this is due to the existence of the vertical load increases load
horizontal component of the effect of pile foundation, increase the horizontal
displacement, has obvious p-A effect (that is, the second-order gravity effect,
buildings with soft lateral stiffness, will produce a large horizontal displacement
A under the action of wind load or horizontal earthquake. Due to the vertical
load P, the structure will further increase the lateral displacement value. It also
causes additional internal forces to be generated by various components inside
the structure. This kind of effect that makes the structure geometrically nonli-
near is called the second order effect of gravity). Therefore, when the design
should fully consider p-A effect on the deterioration of the horizontal displace-
ment.

Under the combination of heap load and inclined load, the section bending
moment of pile is shown in Figure 12.

It can be seen that the distribution law of bending moment of pile under in-
clined load is similar to that under horizontal load; however, the bending mo-
ment of pile under inclined load is slightly greater than that under horizontal

load. This is also because the vertical load will increase the pile bending moment.

6. Conclusions

1) The vertical displacement of pile is little affected by pile load on the top of
slope, the maximum influence degree is 3.5%, and it’s almost negligible; howev-
er, there is an optimal heap load value that minimizes the vertical displacement.

The pile load has a great influence on the horizontal displacement of pile top, the
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Figure 12. Pile bending moment.

maximum influence degree is up to 100% - 1271.6%, and there is a threshold of
200 kPa; when the pile load on the top of the slope exceeds this threshold, the
horizontal displacement on the top of the pile will increase rapidly. Therefore,
the actual engineering should avoid the heap load exceeding this value.

2) The bending moment of double pile structure is different from that of sin-
gle pile structure, the bending moment of double pile foundation is positive at
the top and negative at the bottom, the zero bending moment point will descend
along the pile with the increase of pile load, and with the increase of heap load
on the top of the slope, the pile bending moment will increase gradually.

3) Slope on the bridge pile foundation has obvious p-A effect; the vertical load
will aggravate the horizontal displacement under the horizontal load, so in high
and steep slope under complicated environment, the design should fully consid-
er the effect of p-A role.
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