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In order to study the bearing characteristics and failure mechanism of the rigid antislide pile under horizontal load, the stress of
rigid antislide pile under transverse axial large displacement load is analyzed by using elastic-plastic theory, finite element analysis,
and model test. The theoretical formula of the proximal plastic earth pressure near the pile with the depth of soil under the
horizontal force is obtained. The results show that the standard is insensitive to the variation of soil parameters and the
influence of soil parameters on allowable soil resistance in front of pile should be considered. With the increase of the
horizontal force of the pile top, the soil near the pile is destroyed in this process gradually, which is the decline of the cross
section of the maximum soil resistance of the pile. When the horizontal displacement of pile top is 20 mm and 70 mm, the soil
resistance value and the ultimate soil resistance value in front of the pile can be selected, respectively. The plastic zone
develops to the front and bottom of the pile at the same speed, at an angle of 45° with the direction of gravity. When the
displacement reaches 34 mm, the plastic zone develops to the deeper depth obviously. The results can provide a theoretical

basis for the design and application of antislide piles during the process of slope protections.

1. Introduction

There are lots of rocky slopes or steep terrain during road
construction. The rock and soil body of the slope is prone
to instability and landslide and then affects the construction
and normal operation of the highway when it is affected by
hydraulic action, earthquake, artificial blasting, and other
factors. Antislide pile plays an indispensable role in the pro-
tection of slope engineering among many slope treatment
schemes.

The main function of an antislide pile is to resist sliding
thrust from soil to maintain slope stability. To maintain such
a steady state, the antislide pile shall first produce sufficient
resistance to the surrounding soil and shall not be broken
or produce large tilt and displacement [1]. Accordingly, it
is necessary to solve the analytical formula under the joint
action of the eccentric load on the pile top and the horizon-
tal distributed load on the pile body [2] and to find out the

landslide thrust acting on the antislide pile and the transfer
relationship between the antislide pile and the forward slid-
ing force of the pile [3]. In theory, Xiao [4] established the
mechanical analysis model of H-type antislide pile and
achieved good practical results; Zhang et al. [5] considered
the response of foundation reaction coeflicient to horizontal
pile under load; Yokoyama [6] systematically summarized
various calculation methods of pile lateral resistance. As
for the calculation of internal force and soil resistance of
horizontal load pile, the p - y curve method is one of the
most widely used methods in the world. It takes into account
the nonlinear and stratified characteristics of soil and is
suitable for large horizontal displacement of pile top due to
horizontal axial load of pile [7]. Matlock [8] proposed the
p-y curve method combining the results of indoor soil triax-
ial compression test with stress-strain when studying the
resistance law of soil at the side of the pile under lateral load.
Subsequently, the p-y curve pile foundation stress calculation
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method [9, 10] of soft clay and sand was also established
through dynamic and static load tests. For example, Wang
etal. [11] studied the performance of piles under lateral static
load test and single, two-way cyclic load test. Wang et al. [12]
analyzed the influence of clay strength parameters on the p-y
curve and proposed the calculation method of the p-y curve
of silt through indoor model test. Later, researchers [13, 14]
took the influence of seismic liquefaction, saturation, and
change of excess pore pressure in weakened sand on the
calculation of the p-y curve into account. At the same time,
some scholars studied the soil arching effect generated by
antislide pile in simulated landslide [15] and the damage
mechanism of the interaction between micro-antislide pile
and soil [16] through the finite difference method and then
compared with the results of model tests [17, 18] and put
them into practice, both of which achieved good engineering
benefits.

On the basis of the above research results, the elastic-
plastic theory was firstly analyzed in this paper; the corre-
sponding formula for calculating the resistance of plastic soil
in the horizontal direction of pile foundation is established,
which was compared with the current standard document.
The resistance behavior of soil in front of rigid antislide pile
under large displacement load in horizontal direction was
analyzed by using finite element software. Then, it was com-
pared with the indoor model test. The purpose of this paper
is to solve problems such as the lack of theory of pile ulti-
mate bearing capacity, the incomplete calculation method
in the relevant fields, and to provide technical indexes and
theoretical basis for the design of soil resistance in front of
rigid antisliding piles.

2. Theoretical Analysis of Ultimate Soil
Resistance in Horizontal Direction

2.1. Calculation of Plastic Load under Uniform Strip Load

2.1.1. Calculation of a Point Stress in Soil. Assuming that the
soil in question is a semi-infinite elastomer and the soil sur-
face acts on the uniform load p. At this point, the relationship
between the maximum and minimum principal stresses o,
and o5 at any point Q in the soil is as follows:

o 3
oo (ox +02> i 1)
o, 2 2
2
tan20= —*% | (2)
o.—0

X z

where 0 is the angle between the direction of action of o,
and the vertical direction.

According to Boussinesq’s solution, when the founda-
tion has no buried depth, the relationship between principal
stresses is as follows:
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FIGURE 1: The isogram of principal stress under uniform strip load.

It can be seen from Equation (3) that there is only one
variable in the equation, . Therefore, under the premise
of the two points of viewing angle being the same, the
principal stress is also the same. In other words, points
with equal principal stresses in the soil can be enclosed
into a circle with the width of uniformly distributed load
b as the chord length and 2« as the circumferential angle,
as shown in Figure 1.

2.1.2. Determination of Plastic Zone Range. The additional
stress acting on the base surface is p — y,D, D is the embed-
ded depth of the foundation, p is the total stress of the base
surface under the action of external load, and y,D is the dead
weight stress at the base.

Under the premise of equal self-weight stress of soil (lat-
eral coefficient of soil K, = 1), the compressive stress of soil
self-weight in all directions is y,D + yZ. Then, the principal
stress of any point Q in the soil under the action of total

stress can be obtained when the foundation has buried
depth:

o - y,D
! } = 1% (2« £ sin 2a) + y,D + yZ, (4)
93

where y,, is the weighted average weight of the soil above the
basement and y is the weight of the soil below the basement.

When point Q is in the ultimate state of shear failure, its
principal stress satisfies

1/2(0, —03)
1/2(o) +03) +c-cotg’

(5)

sin ¢ =

Equations (4) and (5) are solved simultaneously, and
after sorting out, we can get

Zzp—yOD(m.nZoc_z(x)_c'cotgo_ﬁD. (6)
ym sin ¢ Yy y

The above formula is the extended depth of plastic zone
under horizontal load of pile top. Under the condition of
known uniform load p, action width b and «, and various
strength parameters of soil, the depth Z can be obtained,
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FIGURE 2: Curve relation of critical state equation.

and the points of different depths Z can be connected to
obtain the extended range of plastic zone in soil.

2.2. Calculation of Resistance of Plastic Soil in Horizontal
Direction in front of Pile. Based on the assumption of Wink-
ler foundation model and the solutions of large and small
principal stresses under infinite uniform strip load, the crit-
ical soil resistance at the pile side can be calculated. The
principal stress expression of any point Q in the soil in front
of the pile under horizontal load is obtained. Here, p — y,D is
replaced by oy, y,D + yZ is replaced by yhk,, and k; is the
static earth pressure coefficient, as shown in

o
Lo (2 + sin 2a) + yhk,,. (7)
o T

The principal stress at a certain point in the soil layer
and the soil strength parameters must satisfy the inequality
relationship as shown in Equation (8), if the stress state is
tangent to or intersects the strength envelope, according to
the Mohr-Coulomb strength theory.

g, -0 o,+0
! 32<1 >+ C)sin(p. (8)

2 2 tan ¢

Here, when we set by = (n/o},)(yhk, sin ¢ + ¢ cos ¢),
X =2a, and k=sin ¢ Equation (8) also can be simplified
as

sin X > kX + b,. 9)

In this way, the above problem can be simplified to
the position relationship between sinx and kx+b, as
shown in Figure 2. At intersection of Figure 2, the stress
state at this point changes from elastic to plastic, and x,
and x, are the upper and lower boundaries of the plastic
zone as shown in Figure 3.

According to the relationship between the critical state,
Equation (9) can be solved to obtain the relationship
between soil resistance ¢, in front of the pile and depth h:

S yhk, 31n<p+ccos? . (10)
cos @ — ((1/2) + @) sin ¢

FIGURE 3: Plastic region.
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FIGURE 4: Diagram of buried depth of pile.

As the compressive gravity stress yhk, exists in all direc-
tions, the resistance of the plastic soil in front of the pile is
calculated as follows:

yhk, sin ¢ + ¢ cos ¢
= hk,. 11
H ﬂCOS(p—((ﬂ/2)+(p) sin ¢ Y (1)

Under the condition of known soil parameters, formula
(10) can be used to obtain the theoretical formula of resis-
tance of plastic soil in front of pile with soil depth Z.

3. Theoretical Analysis and
Specification Comparison

In order to facilitate the calculation, the comprehensive
internal friction angle ¢, is usually adopted to replace the
shear strength ¢ and ¢ of soil within the influence range of
pile [18], and its value can be calculated according to Equa-
tion (11), according to the principle of equal shear strength.

=arctan | t +2C (12)
¢, = arctan | tan ¢ y_H’

where H is the soil penetration depth of pile.

In order to satisfy the requirement that the horizontal
compressive stress should not exceed the horizontal allow-
able soil resistance of the foundation (refer to the provi-
sions on the design load and calculation of antisliding
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TaBLE 1: Calculation parameters.

Poisson’s ratio y  Gravity y (kN/m”) Cohesion ¢ (kPa)

Angle of internal friction ¢ (°)

The compression modulus E; (MPa)

0.3 20 15

20 17

pile in the code), the calculation of the horizontal allow-
able soil resistance h of the foundation can be divided into
two cases according to the size of the transverse slope i of
the foundation.

When i = 0 or can be negligible, it is calculated according
to Equation (13-1).

When 0<i<¢,, it is calculated according to Equation
(13-2).

Oul= gl e b g ed, (3
cos?iy/cos?i — cos?¢
(0] =4(y1 1 +72hy) . (13-2)

cos?¢,

(13)

where y, and y, are the unit weight of the soil on and
below the sliding surface, respectively. h; is the distance
between the sliding surface of the pile and the ground; h,
is the distance between the sliding surface and the calcula-
tion point, as shown in Figure 4.

According to the actual working conditions, the soil
parameters are shown in Table 1. The length of the antislide
pile is 20 m, and the buried depth is 13 m. The soil of the
upper and lower layers of the sliding body is loess and paleo-
soil, respectively, and the pile ends are embedded into
bedrock. It is assumed that the homogeneous soil slope of
the studied is very gentle, and y, =y,, y,h; +y,h, = yHk,.
The relationship curve between allowable soil resistance
and depth in front of anchorage section pile can be calcu-
lated by Equations (11) and (13-1), and the corresponding
results are shown in Figure 5(a). Figures 5(b) and 5(c),
respectively, show the change results of the internal friction
angle calculated according to the standard specification
and the method proposed in this paper under the condition
of cohesion ¢ = 15kPa; Figures 5(d) and 5(e), respectively,
show the change results of the internal friction angle calcu-
lated according to the standard specification and the method
proposed in this paper under the condition of internal fric-
tion angle ¢ = 20°.

As can be seen from Figure 5(a), the initial allowable
compressive stress calculated by Equation (11) is greater
than the given value in the standard specification formula,
but the growth rate of critical soil resistance in the reference
standard specification formula with the increase of depth is
slightly greater than the calculated value in Equation (11).
What is more, when the depth of soil is constant, with the
increase of the internal friction angle of soil, although both
formulas show nonlinear growth, the influence of soil
parameter ¢ on the calculation formula in this paper is more
and more obvious (Figures 5(b) and 5(c)). According to

Figures 5(d) and 5(e), when the soil depth is constant, the
critical soil resistance calculated by the formula proposed
in this paper is slightly less than the allowable soil resistance
calculated by the standard specification formula. However,
in terms of the growth rate, the critical soil resistance calcu-
lated by the formula proposed in this paper is greatly
affected by the soil strength parameter ¢, which shows a
faster growth characteristic. It shows that the method of
the standard specifications is not sensitive to the change of
soil parameters and the design is conservative.

4. Finite Element Analysis

4.1. Design of Model Scheme. Midas software was used to
analyze the distribution form, variation rule, and distribu-
tion characteristics of soil resistance in front of pile under
horizontal load. In the operation, it is assumed that the slid-
ing thrust of slope body is replaced by the displacement load
of pile top, and the transverse slope factor is ignored. In
addition, the influence of factors such as pile cross-
sectional area, soil properties around pile, strength parame-
ters, and soil heterogeneity is taken into consideration.

4.2. Establishment of the Model

4.2.1. Division of 3D Meshes and Units. According to the cal-
culation accuracy and model size of the experimental results,
9582 elements were divided in Ansys, and then, the model
was imported into Midas. It is assumed that the width of
the pile is 2m in the x direction (front and back of the pile)
and 3 m in the y direction (side of the pile). The width of the
model is 20 m at both sides and 30 m at the front and rear, 10
times the pile diameter. The boundary distance between the
pile tip and the bottom of the model is 7m, as shown in
Figure 6(a).

The results of the model show that the calculation results
do not converge and the bearing capacity of the pile is less
than the empirical value when the contact surface is only
set on each surface where the pile is buried. Only when the
interface element is set on the rear interface and does not
penetrate to the bottom of the pile, the calculated result is
close to the actual one. This phenomenon can be explained
as follows: the pile rotates around a certain point under the
action of horizontal force, but below that point, the pile
and soil are still in close contact. The setting of the contact
surface in the full length of the pile-soil interface will lead
to displacement distortion of soil behind the pile and mutual
intrusion of units on both sides of the contact surface.
Therefore, the specific setting situation is shown in
Figure 6(b).

4.2.2. Material Constitutive Model and Parameters. The lat-
eral stiffness of antislide pile embedded in the soil is much
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Figure 5: Continued.
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FIGURE 6: Schematic diagram of model grid.

greater than that of the soil around the pile, and it is difficult
to produce deformation under high stress. Therefore, the soil
layer is regarded as an elastoplastic body, and the antislide
pile is regarded as a homogeneous linear elastomer. Accord-
ing to the actual engineering cases, the relevant parameters
of rigid pile concrete and soil are selected as shown in
Table 2.

4.2.3. Boundary Conditions and External Loads. Boundary
conditions adopted in the finite element model are shown
in Figure 7(a). The horizontal displacement load of pile top
was used to replace the acting force of sliding force on pile
during the process in landslide. A rigid block with an elastic
modulus of 100 GPa and an area of 2mx2m was set

between the horizontal displacement and the pile. The dis-
placement of the pile top increased from 2 mm to 500 mm
so that the load acted on the center of the rigid block at
1 m away from the pile top to prevent the forced displace-
ment load from generating stress concentration on the pile
top, as shown in Figure 7(b).

4.3. Results and Analysis. The shear forces at different sec-
tions of the pile were selected form the position 2m away
from the pile top (the lower edge of the rigid block) accord-
ing to the equal spacing (1 m) to obtain the shear force
distribution diagram of the pile under various loads, as
shown in Figure 8. The model results show that the shear
force at the cantilever section above the surface of the pile
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(a) Constraints on boundary displacement (b) An enlarged view of the model loading

F1GURE 7: Boundary conditions and external loads.
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remains constant, and the shear force at the pile section
below the surface increases first and then decreases with
the depth of the soil layer, reaching the peak point of shear
stress around 9 m.

Under the horizontal load of pile top, the bearing capac-
ity of rigid antislide pile mainly depends on soil resistance in
front of pile and lateral friction resistance of pile. From
Figure 8(b), the different cross-sectional location of displace-
ment of the pile has a linear growth with the increase of soil
depth, the overall distribution is “sector,” in the ground
below the 9.4 m for the displacement value of pile body sign
change point, to the soil depth of 9.4m from the ground
displacement of pile body is positive, and the pile displace-
ment beyond 9.4m is negative, the pile body is turning
around this point occurs.

4.3.1. The Relationship between Displacement of the Pile and
Soil Resistance. The soil resistance in front of the pile at
different depths is extracted, to study its variation with the
horizontal displacement of the pile top, as shown in Figure 9.

The load displacement acting on the pile top is highly
correlated with the soil resistance in front of pile at different
depths (Figure 9). Under the condition of constant load, the
soil resistance in front of pile top is positively correlated with
the load displacement of pile top. When the depth of soil
layer is less than 3m, the soil yield phenomenon appears.
The soil resistance in front of the pile gradually slows down
with the increase of displacement load. The soil resistance in
front of the pile still shows a linear growth trend, and the
increase decreases gradually with the increase of soil depth
when the soil depth is greater than 3 m. For example, when
the soil depth is 0~1m, 1~2m, and 2~3 m, the pile top load
displacements corresponding to soil yield are 150 mm,
300 mm, and 400 mm, respectively. One possible explana-

Soil resistance of the pile (kPa)

T T T T
1 2 3 45 6 7 8 91011
Penetration depth of pile (m)

—e— 2mm —— 250 mm
—— 20 mm —&— 300 mm
—v— 50 mm —o— 350 mm
—— 100 mm —a 400 mm
—<¢ 150 mm —e— 450 mm
—— 200 mm —— 500 mm

FI1GURE 10: Soil resistance in front of pile is distributed along pile
body.

tion is that the yield degree of soil in front of pile is related
to the depth of soil layer. In other words, the deeper the
depth of soil layer is, the more obvious the yield phenome-
non of soil in front of pile is. Moreover, the horizontal
self-weight stress 0, is proportional to the depth of soil layer,
and the additional stress o, — 05 of soil reaches the ultimate
strength that is larger.

In order to further explore the distribution law of soil
resistance in front of the pile along the pile body and the
change of soil resistance in front of the pile under different
loads, the distribution of soil resistance in front of the pile
under different displacements is studied, and the corre-
sponding results are shown in Figure 10.

As shown in Figure 10, the soil resistance in front of the
pile basically keeps an upward trend with the increase of
depth under the condition of constant load when the hori-
zontal displacement of pile top is no more than 20 mm; the
curve begins to decrease slowly as the depth exceeds 4m
(Figure 10) As mentioned above, the pile rotates roughly
around 9.4 m under the horizontal displacement load of
the pile top, and the horizontal displacement of the pile
decreases linearly with the depth. However, the foundation
coefficient of the soil beside the pile is positively propor-
tional to the increase of soil depth. The test results show that
4m is a turning point, the decrease of horizontal displace-
ment above this point has less influence on soil resistance
in front of the pile than that of foundation coeflicient, and
the increase of foundation coefficient below this point and
the decrease of displacement basically cancel each other. In
addition, the soil resistance in front of the pile continues to
decrease significantly when the depth is greater than 4m.
As the horizontal displacement of pile top further increases,
the distribution of soil resistance in front of pile becomes
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FIGURE 12: Position of maximum soil resistance in front of pile.

more and more obvious along the pile, and the difference
between the maximum and minimum values increases
significantly. This shows that the upper sliding soil has a
strong thrust effect on the pile, resulting in obvious stress
concentration of the pile top load in the soil in front of the
pile. What is more, the soil resistance in front of the pile
appears negative when the load is greater than 9.4 m. This
is because with the increase of the depth of the bottom of
the pile before the extrusion of soil under pile is small, pile
body to the side of the sliding body flexure deformation
occurred.

The distribution of foundation has an important rela-
tionship with the form of load, such as strip load. Accord-
ingly, this paper takes the soil resistance at the midline
section of the pile within the depth range of 0~1m as an
example, to further discuss the distribution of soil resistance
in front of the pile and its variation trend with the increase
of load. The variation rule of soil resistance in front of the
pile under different horizontal displacements of the pile
top is shown in Figure 11.
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FiGure 13: Comparison of theoretical and numerical results.

As we can see from Figure 11, with the increase of the
horizontal displacement of pile top, the distribution of soil
resistance in front of the pile shows obvious stress concen-
tration, and the gap between the soil resistance on both sides
in front of the pile and the soil resistance in the middle grad-
ually increases. The soil resistance in front of the pile
increases rapidly with the increase of pile top displacement
load. When the pile top displacement exceeds 100 mm, the
curve changes from sparse to dense, and the soil resistance
in front of the pile becomes smaller under the influence of
the horizontal displacement of the pile top. The process
shows that the pile is subjected to more and more sliding
thrust with the gradual increase of the horizontal displace-
ment of the pile top, but the soil in front of the pile cannot
provide enough resistance, and finally, the pile is damaged
and the slope is unstable.

4.3.2. Ultimate Soil Resistance. According to engineering
experience, when the pile side soil reaches the ultimate soil
resistance, plastic flow or softening will occur. It is of great
significance to explore the variation law of the ultimate soil
resistance section position with the horizontal displacement
of pile top for the design and the stability checking of pile
foundation.

Several turning points were selected to make the curve of
the maximum soil resistance position in front of the pile
with the horizontal displacement of the pile top, as shown
in Figure 12. When the displacement load is less than
20mm, the maximum soil resistance position in front of
the pile is about 7.5 m. Steep rise occurs and reaches a peak
value in the range of 20~70 mm, indicating that the soil in
front of the pile changes from elasticity to plasticity at this
time and the maximum soil resistance depth is 1.88 m and
continues to maintain a stable state in the range of
70~200 mm. Then, it drops slowly; it indicates that the soil
in front of the pile is gradually yielding from plastic. Since
there may be some differences between the grid division
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FIGURE 14: Plastic division layout of vertical profile of soil around pile.
TaBLE 3: Similarity ratio of model test.
Item Physical quantity Relationship of similarity Similarity ratio
Geometry Geometric dimensioning / C 1:10
Strain C, 1:1
2
Load Force F Cr=C,C 1:200
Torque M Cy =C,C} 1:2000
Modulus of elasticity E Cg 1:2
Concrete Poisson’s ratio y C, 1:1
Stress o C,=Cg-C, 1:2
Cohesion ¢ C.=C;-C, 1:2
The soil sample of the model Angle of internal friction ¢ Co 1:1
. 2
Modulus of compression E, Cr =C;/C 1:2

and the actual stratum, the fitting curve in the figure repre-
sents the overall change of the section position of maximum
soil resistance. When the horizontal displacement of pile
top is 20mm and 70 mm, correspondingly, the soil resis-
tance at point A and point B in Figure 10 is 259.615kN

and 129.808 kN, respectively, which can be used as refer-
ence values of the ultimate soil resistance and the proxi-
mal plastic soil resistance in front of pile.

In the elastic stage, the load between pile and soil is pro-
portional to the displacement, and the deformation and soil



12

TaBLE 4: Physical and mechanical properties of the prototype soil.

Item Loess Paleosoil
Moisture content w 23.5 24.4
Gravity y 17.3 18.6
Void ratio e 0.93 0.78
Saturability s 75 86
Liquid limit , 315 30.1
Cohesion ¢ 32 32
Angle of internal friction ¢ 24.6 253
Modulus of compression E, 16.5 15.8

resistance decrease successively from pile top to pile tip.
When the complete plastic deformation occurred in the soil
before the pile, the soil around the pile that reached the
horizontal ultimate resistance has yielded, and its resistance
is no longer proportional to the horizontal displacement of
the pile top. Moreover, the soil near the pile bottom also
begins to yield, and its soil resistance basically does not
change. Essentially, the process of pile instability is the pro-
cess of gradual yield failure of the soil in front of the pile.

It is assumed that the shear strength parameters of soil
layer in the anchorage section of antislide pile are c=15
kPa and ¢ = 20°. The soil resistance value in front of the pile
corresponding to the displacement of 20 mm and 70 mm, the
calculation formula in the paper, and the variation rule of
soil resistance value obtained from the specification with soil
depth are summarized in Figure 13.

In the process of pile rotation, the soil in front of the pile
is compressed, and the soil resistance gradually decreases
with the change of soil depth. In other words, the soil at
different depths does not undergo plastic failure at the same
time. In comparison, the results in this paper are relatively
lower than the standard specification. As the previous anal-
ysis, this is because the effect of soil depth is more consid-
ered in the standard formula. The compactness and
porosity of soil near the pile bottom are affected by the depth
of soil layer, and it is complicated and tedious to calculate
the layered soil. Therefore, the standard is simplified, and
the increase of soil resistance caused by the shear strength
of soil with the increase of depth is regarded as the result
of the better soil properties caused by the increase of depth.
The formula deduced in this paper is suitable for deep soil
stratum with gentle slope.

As shown in Figure 14, vertical profiles of plastic zone
distribution of soil around the pile with horizontal displace-
ments of 20 mm, 100 mm, 200 mm, and 400 mm on the pile
top are, respectively, shown. The pile body also has trans-
verse deflection, which causes the pile tip and the pile-soil
contact surface to have a large deformation. It can be seen
that under the horizontal displacement of pile top, the soil
around the pile produces compression deformation or even
fracture failure, and the plastic zone of soil between piles
interleaves and overlaps. The reason is that the stiffness of
antislide pile is large and the soil behind the pile cannot
provide enough lateral compressive strength [19-21]. At
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the same time, the soil around the pile also deforms inho-
mogenously, resulting in soil arching effect. When the load
behind the pile approaches the limit value, the range of
plastic zone in the soil expands, the pile and soil mutual
dislocation occurs, and the relative displacement increases
sharply. The plastic zone develops from the back side of the
pile to the front side of the pile, and until the plastic zone is
connected, the soil arch is destroyed, the antislide pile loses
its retaining function, and the soil is destroyed by extrusion
[22]. In this process, the pile tends to be pulled out upward,
and the destruction process of soil arch just reflects the devel-
opment law of plastic zone.

5. Indoor Model Test

5.1. Similarity Ratio of Model Test. In order to simulate the
failure mode and failure mechanism of rigid antislide pile
under horizontal load in reality and to compare with the
simulation results and verify its accuracy, laboratory model
test is now carried out. The relationship of similarity ratio
is shown in Table 3, and the material parameters of model
soil and prototype soil are selected according to Tables 4
and 5.

5.2. Test Elements and Soil Layer Setup in Model Test.
Horizontal load is applied by MTS brake in the test, the
maximum is 50kN, and the maximum horizontal displace-
ment that can be applied is 260 mm. The displacement
increment is set as 2 mm before the test. The brake is loaded
automatically during the test. A square steel plate gasket of
300 mm x 300 mm is set at the contact point between the
brake and the pile top, and the operating point is about
20 cm from the pile top.

First, the model box is processed. Channel steel frame
and wooden baffle are used around the model box for retain-
ing protection. According to Figure 15(a), the model pile was
put in place, and then, the soil sample of the model was lay-
ered and tamped. At each predetermined filling height, the
test components were laid out according to Figure 15(b).
The horizontal displacement of pile top takes 10 mm as the
first level and is loaded until the maximum displacement.
The loading time interval is 15 min. Finally, the data are read
and recorded. Figure 16 is the layout and loading diagram of
the model box.

5.3. Characteristics of Soil Resistance in front of Rigid
Antislide Pile. As shown in Figure 17, take the earth pressure
cell with a buried depth of 0.55m as an example. The two
curves of numerical simulation and model test almost have
the same change rule. The inflection point of the numerical
simulation curve is about 14 mm, and the critical point is
about 34 mm. The curve of numerical simulation appears a
turning point at about 14mm and reaches a critical point
at about 34 mm. Firstly, the horizontal load of pile top has
a linear relationship with the horizontal displacement of pile
top, and applying a large force on pile top can only cause a
small displacement. In the elastoplastic stage, a small load
on the pile top can make the pile produce a large displace-
ment, and the increased displacement is about 26.5% of that
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TaBLE 5: Model material parameters.
Material Moisture content  Gravity y Cohesionc Angle of internal Modulus of compression Modulus of elasticity E
w (%) (KN-m™) (kPa) friction ¢ (°) E, (MPa) (MPa)
Loess 19.10 19.70 15.0 5.60 5.30
Paleosoil 17.30 19.80 8.50 5.80 598
C15 )5 18300
concrete
HRB400 78 200000
steel
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(b) Layout of test components

FIGURE 15: Model and test component layout (unit: mm).

FIGURE 16: Schematic diagram of layout and loading of model box.

in the first stage. When the soil around the pile becomes
plastic completely, the displacement reduction is even lower
than the previous stage, and the displacement increase is
about 22.3% of that in the first stage.

Selecting the equivalent spacing of 0.05 in Midas, we can
draw the contour map of plastic strain zone of soil in front of
pile under various displacements on pile top which is made
in Figure 18. As can be seen from the figure, the larger the
horizontal displacement of pile top, the plastic zone of soil
behind pile manifests the characteristics of obvious develop-
ment along a certain direction. At the beginning, the plastic
zone develops towards the front and bottom of pile at the

same speed. And the border of piles and soil are angled
45°, roughly when the load reached 32 mm plastic zone obvi-
ously to the lower range of deeper development, combined
with Figure 17 found that due to the numerical calculation
at the beginning of the displacement of pile top level reaches
68 mm not convergence, the maximum range of the plastic
zone does not appear in the pile soil contact surface or max-
imize lateral displacement of the pile body, but deep under
the ground [23, 24].

As shown in Figure 19, the pile inclines under the strong
thrust of the sliding body, compresses the soil in front of the
pile, and makes the soil reach the ultimate resistance and
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FiGure 18: Isolate map of plastic zone in front of pile under
different loads.

FIGURE 19: Fracturing damage of soil in front of pile.

causes obvious fracturing failure. The soil behind the pile is
separated from the pile. With the increase of pile penetration
depth, the model test data are basically smaller than the
results of the finite element analysis. This is because the
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cross-sectional stress selected for the model test is relatively
low, and the soil resistance in front of the pile is not uni-
formly distributed on the pile compression surface, so the
simulation results select the average cross-sectional stress.
Shallow middle soil is basic to yield, located close to neutral
point to 0.95m in soil pile lateral soil resistance is about 0,
displacement of the pile side soil resistance of positive and
negative change point up and down is relatively close, the
pile lateral soil resistance in the nearer distance from the
surface of the soil to more fully, displacement of pile lateral
soil resistance and the location of the positive and negative
points of variability, the farther the distance that point
displacement is larger. Therefore, the pile side soil resistance
is greater [25].

6. Conclusion

(1) Through theoretical analysis, the theoretical for-
mula of the proximal plastic soil resistance in front
of pile with the change of soil depth is obtained
and compared with the code. The results show that
the standard is not sensitive to the change of soil
parameters and the design is conservative. The influ-
ence of soil parameters on soil resistance in front of
pile should be considered in subsequent engineering
construction

(2) Values of soil resistance 129.808 kN and 259.615 kN
can be used as reference values of proximal plastic
soil resistance and ultimate soil resistance in front
of rigid antislide pile, respectively. In essence, the
failure process of soil arch around the pile reflects
the development law of plastic zone below the buried
depth of pile. When the maximum soil resistance
section reaches the peak value, the horizontal bear-
ing capacity of the pile is taken as the limit value of
the horizontal bearing capacity of the rigid antislide
pile

(3) The results of laboratory model test showed that the
plastic zone below the depth of pile expands in a cer-
tain direction. At the beginning, the plastic zone
develops to the front and bottom of the pile at the
same speed, at an angle of 45° with the direction of
gravity. When the displacement reaches 34 mm, the
plastic zone develops to the lower depth obviously.
The greater the horizontal displacement of pile top
is, the greater the relative displacement between pile
and soil will be. When the soil resistance in front of
pile reaches the limit value, the relative displacement
between pile and soil will increase sharply until the
plastic zone is connected, the retaining effect of pile
will fail, and the slope will be unstable
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