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Abstract

The slope stability analysis and support structure design of temporary roads are particularly important for the normal
traffic of roads and the safe construction of underground structures. In this paper, FLAC3P software is used to study the
numerical simulation of steel pipe piles support structure of the slope of temporary road by using the equivalent stiffness
method. It is shown that under the action of road load, the normal stress of steel pipe pile has a peak value at 1.0m above the
bottom of foundation pit, and the shear stress has two peaks at 1.0m above the bottom of foundation pit and 0.5m above the
pile tip, which decrease at the pile tip. The horizontal displacement of the pile occurs at different depth, the displacement of
the pile top is the largest, and the displacement from the pile top to the bottom of foundation pit decreases nonlinearly, and
the horizontal displacement of the pile below the bottom of foundation pit is very small and remains unchanged. The vertical
displacement of the pile increases gradually from the pile top to the pile tip, which results in tensile deformation of the pile.
Stress concentration occurs at the temporary road position in the slope, and obvious horizontal displacement and vertical
displacement which have obvious differences in different positions appear in the slope. The arrangement of piles can ensure
the stability of the slope and there will be no overall shear failure surface.
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1. Introduction

With the rapid development of social economy, urban
population density increases sharply, and the demand for
urban space is increasing while the utilization space is
gradually shrinking. The space environment under urban
roads becomes the main site for laying urban infrastructure
such as water supply and drainage, telecommunications,
power supply and heat supply. In order not to affect the
normal operation of traffic, temporary roads should be
built during the construction of underground works.The
side of the temporary road close to the construction of
underground works will form a slope due to the excavation
of foundation pit, and its stability will directly affect the
safety of the temporary road.Therefore, the slope stability
analysis and slope support design of temporary roads are
particularly important and become an important subject of
geotechnical engineering.

Steel pipe row piles (hereinafter referred to as steel
pipe piles) are mainly filled with concrete in seamless steel
pipes. The surface between piles is woven with reinforcing
mesh and sprayed with concrete to form an integral
structure, which can not only ensure the stability of soil at
the pile position, but also prevent the extrusion of soil
between piles. Steel pipe piles have the characteristics of
high strength and fast construction speed [1], and are
widely used in engineering [2-5]. The construction site of
underground works under urban roads is narrow and there
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is not enough sloping space, so the temporary road on one
side of the underground works will form a vertical slope.
In view of the characteristics of steel pipe piles, steel pipe
piles have become one of the preferred methods for slope
support of temporary roads.Liu Aihuan etc. applied micro
steel pipe piles in the protection of soft rock high slope and
studied the stability of slope with steel pipe pile support
structure [6] .Steel pipe piles are used for the expressway
reconstruction project in soft soil areas,which can quickly
construct and restore traffic in a short time. Therefore,
steel pipe pile support structure has obvious advantages [7]
.Slope protection pile and steel pipe pile are used to
support the slope of deep foundation pit, which can ensure
that the slope displacement is less than the safety alarm
value given in the specification [8].Park,No-Won etc. [9]
studied the bending capacity of steel pipe piles through
transverse pile load test and showed that steel pipe piles
have higher bending capacity. Wang,XQ etc. [10]analyzed
the influence of different cross-section parameters on the
bending capacity of steel pipe piles.Moonkyung, Chung
etc. [11] adopted 3Dnumerical simulation to analyze the
yield behavior of pile material and the elastic-plastic
behavior of soil, indicating that the horizontal bearing
capacity of steel pipe pile is large.

Xiaoshuang Li,et al. used Midas GTS to simulate the
three-dimensional static stability of the slope, and the
slope’s own frequency, damping characteristics, and
dynamic response acceleration distribution after detonation
were studied[12].In order to reveal the deformation and
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failure process and evolution laws of fractured rock
masses, semi-quantitative indicators such as the shape,
quantity, density, size, distribution range, spatial position,
and rock mass movement angle of the developed fissures
were analyzed[13].Fadi Alfags used finite element method
to study the fiber orientation effect on mid-plane
transverse  deflection and inter laminar  shear
stress[14].Louay S. Yousuf used ANSYS software to
check and verify normal stresses[15].Benamar Balegh,et
al.used finite element method to model the crevice
corrosion effect on sheet pile steel,the results show that
while a tensile strain enhances stress uniformly through
sheet pile steel, an increasing depth of crevice corrosion
results in a concentrated stress at localized
corrosion[16].Therefore, numerical simulation is an
effective method to study slope stability and structural
mechanical properties [17].In this paper, FLAC®P software
is used to study the regularities of stress and deformation
of steel pipe pile support structure and the effect of
temporary road slope, so as to provide reference for
rational use of steel pipe piles.

2. Introduction to FLACSP software

FLACSP is a 3D continuous fast Lagrange analysis
software for numerical analysis of geotechnical
engineering [18]. It adopts the mixed discrete element
model [19] and the finite difference method to simulate the
failure process of all kinds of rock and soil, so as to
calculate the deformation and stress of rock and soil under
various external loads. It has a relatively perfect post-
processing function, and it is easy to realize data and
results processing[20].1t has been widely used in the fields
of slope [21-24], stope[25, 26], roadway[27], foundation
pit[28, 29] and tunnel[30, 31].

3. Modeling
3.1. Zones

In this paper, it is assumed that the soil under
temporary road is homogeneous and isotropic, and the

Mohr-Coulomb model is adopted in the constitutive
model.

The length of slope model is 30m in horizontal
direction (X) , 5m in temporary road extension direction
(Y) , and 18m in vertical direction(Z). Grid cells are
divided every 1m in three directions. Eight-node
hexahedron elements are adopted. The whole model
includes 43,200 zones and 47,901 nodes. In the calculation
of the model, the soil has been consolidated under the
action of gravity.The acceleration of gravity is set at
10kN/m3, the temporary road load is strip and is set at
20kPa, and the range of action is one time of the depth of
the foundation pit and 1.0m away from the top line of the
foundation pit. Vertical excavation was carried out on one
side of temporary road, and the excavation depth(D) was
6.0m. In order to facilitate pile modeling, the soil was
divided into three groups of soill, soil2 and soil3 through
two planes X =27 and Z =6. The soil type and the
parameters of each group are the same. The specific
parameters were shown in Table 1, and the 3D entity
model established is shown in Fig. 1.

Table 1. Basic parameters

Density ~ Cohesive Internal Modulus of Poisson’s
(kg/m?) force fg;:tilc;n compression ratio
(kPa) 9 E,(MPa) M
)
1860 16 24 6.8 0.25

The bulk modulus (K) and shear modulus (G) are
calculated by equations (1) and (2) [32, 33] respectively,
K=13.6MPa,G=8.16MPa.

E

T 3(1-2p) @
E

T2 (14 @)

Where:E is the elastic modulus,E= 3Es.

As the influence of temporary road load on the ground
is mainly considered,the free constraint is adopted at z=18,
lateral displacement constraint is adopted at the vertical
side of the outer boundary X=0, X=30, Y =0 and Y =5,
and fixed constraint condition is adopted at the bottom.
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Figure 1. Zones model
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Figure 2. Structural element model

3.2. Structural elements

1. Element type

Steel mesh is laid between piles and concrete is sprayed
on the surface of steel pipe pile support structure. The
overall strength of support structure is provided by pile
and concrete between piles. Liner element not only has
certain bending resistance, but also can produce friction
resistance with solid grid in shear direction. Taking the
integrity of support structure and liner element attributes
into consideration, liner structural element is used to
simulate steel pipe piles, and discontinuous steel pipe piles
are converted into continuous liner element. The
established structural element model is shown in Fig.2. A
total of 10 piles are arranged along the y axis direction, the
pile length is 12m, the pile spacing is L=0.5m, the steel
pipe material is seamless steel pipe, the yield strength is
235MPa, the type is 168mmx8mm,and the steel pipe is
filled with C30 concrete. The equivalent stiffness method
is adopted to convert the steel pipe piles into liner element
and determine the liner element thickness, as shown in
Fig. 3.
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F1G.3 Diagram of equivalent stiffness
The steel pipe pile type is 168mmx8mm,the pile
spacing is 1=0.5m,so the moment of inertia I,; =

4
%:3.098>< 1075 m*. According to the equivalent

stiffness method, the equivalent thickness of liner
structural element is calculated according to equation 3,
and the result is 0.098m.
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2. Parameters Elastic modulus

The elastic modulus of steel pipe pile is calculated by
weighted average of elastic modulus of steel pipe and
concrete according to area. The elastic modulus of
seamless steel pipe is 192GPa, and the elastic modulus of

C30 concrete is 30GPa,so the weighted elastic modulus of
concrete-filled steel pipe pile is 59.39GPa.
3. Stiffness and strength

The stiffness kn and ks per unit area of normal and
tangential coupling spring of the pile are taken as 10 times
of the stiffness of the adjacent zones, and the normal
surface stiffness of zones is calculated according to
Formula (4). The result of kn and ks is 4.9x10°KN/m. The
tensile stiffness of pile-soil interface is 0, and the residual
strength of pile-soil interface after failure is 0.

K+4/3G
ax[~ -] @)

4. Other parameters

The cohesion between pile and soil is 0.8 times that of
soil, so the cohesion is 12.8kPa and the internal friction
angle is 19.2°. The density of steel pipe pile is 2500kg/m?,

4. Discussion
4.1. Numerical simulation analysis of steel pipe piles

1. Stress of steel pipe piles

Figure 4(a) and Figure 4(b) respectively show the
contour of normal stress and shear stress of steel pipe
piles.As shown in Fig. 4(a),the normal stress of piles is
zero between the pile top and 1.0m above the bottom of
foundation pit. It increases first and then decreases from
the position 1.0m above the bottom of foundation pit to the
pile tip, and reaches its maximum at the position 0.5m
above the pile tip.Pile tip effect occurs at the pile tip, and
the normal stress decreases locally, which direction is the
same as X negative direction. As shown in Fig. 4(b), the
shear stress of piles has two peak values,which are located
at 1.0m above the bottom of foundation pit and 0.5m
above the pile tip, and the maximum shear stress is
21.5kPa.Q235 steel pipe pile is adopted for support,
meeting the material strength requirements[34].The shear
stress on both sides of the first peak decreases gradually,
and the range of action is from the pile top to the position
half the depth below the bottom of foundation pit.The
shear stress on both sides of the second peak decreases
gradually, and the range of action is from the pile tip to the
position half the depth below the bottom of foundation
pit,which direction is the same as z negative direction.
2. Displacement of steel pipe piles
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The monitoring data show that the steel pipe pile will
produce horizontal and vertical displacement under the
action of earth pressure[35].Figure 5(a) and Figure 5 (b)
respectively show the contour of Horizontal displacement
and Vertical displacement of steel pipe piles.As shown in
Fig. 5(a), different from the steel pipe pile with support
[36], the cantilever steel pipe pile is subject to horizontal
displacement under the action of earth pressure, and the
displacement of the pile top is the largest[37], reaching
4.2cm. From the top of the pile to the bottom of the
foundation, the displacement gradually decreases, and the
reduction rate continuously decreases, showing a nonlinear
decreasing trend in general, rather than increasing first and
then decreasing [38]. The main reason is that the latter

© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 5 (ISSN 1995-6665)

adopts the combination of steel pipe pile and concrete row
pile, which has strong stiffness and good bending
resistance.From the bottom of the foundation pit to the pile
tip, the displacement is consistent under the reverse
extrusion of the soil under the bottom of the foundation
pit, and the bending moment at the bottom of the
foundation pit is the largest.As shown in Fig. 5(b), the
steel pipe pile has vertical displacement.From pile top to
pile tip, the displacement changes from 7.29mm to
7.35mm , and the relative displacement change rate of pile
top is only 9.1%..The difference of vertical displacement
between pile top and pile tip indicates that the pile has
vertical tensile deformation.
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Figure 4. Contour of stress of steel pipe piles
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Figure 5. Contour of displacement of steel pipe piles
(a) Contour of Horizontal displacement (b) Contour of Vertical displacement

4.2. Numerical simulation analysis of slope

1. Displacement of slope

As shown in Fig. 6(a), the horizontal displacement of
the slope increases first and then decreases from the
position far away from the foundation pit to the position of
the foundation pit. The displacement at the start point
(0,5,18) is 0,and increases approximately linearly in the
range of 0-15m.After 15m,the displacement increases
gradually at a faster rate and reaches the maximum at
24.7m.Therefore, it is affected in the range of 4.5D away
from the top line of the foundation pit, and begins to have
a strong influence in the position of 2.0D (15m) away from
the top line of the foundation pit. The displacement is the
largest at the position 1/4 of the road width away from the
road center towards the direction of the foundation pit.
Limited by the piles, the displacement decreases towards
the pile.The results indicates that centered on the position
1/4 of the road width away from the road center towards
the direction of the foundation pit, the soil at the side far
away from the center has a relative tensile effect, and the
soil near the center has a relative compaction effect.

As shown in Fig. 6(b),affected by the temporary road
load, the soil under the road has significant settlement, the
displacement at the center of the road reaches 1.01cm.
With the increase of the horizontal distance from the road,
the vertical displacement of the slope on both sides of the
road decreases gradually. Affected by the lateral limit of
the pile, the vertical displacement near the piles increases,
and the soil beside the pile rises upward.Along the depth
direction, the vertical displacement is zero in the range of
(1/3~2/3) D beside the pile above the bottom of foundation
pit, and the displacement outside the range is positive. The
soil beside the pile and at the bottom of the foundation pit
rises upward.The vertical displacement of the slope away
from the pile decreases gradually from the surface to the
underground.

2. Slope sliding analysis

As shown in Fig. 7, the shear deformation mainly
occurs in the soil at the pile position and the bottom of the
foundation pit.In the 1/2D section downward from the
ground surface, the shear deformation is mainly distributed
between the top line of the foundation pit and the boundary
line of the temporary road.From the surface downward, the
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shear deformation tends to increase with the increase of
depth, and the maximum shear deformation occurs in the
range of (1/4~1/2) d depth.In the section from 1/2D to the
bottom of the foundation pit, the shear deformation
decreases gradually from top to bottom,and it is not only
distributed between the top line of the foundation pit and
the boundary line of the temporary road, but also extends
to the inside of the slope.The horizontal extension range is
mainly distributed in the temporary road range, and does
not extend to the surface. The shear strain increment
gradually decreases from the piles to the inside, and no

© 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 5 (ISSN 1995-6665)

through sliding surface is formed.In the section below the
bottom of foundation pit, the shear deformation outside the
pile row gradually decreases with the increase of the
depth.The shear deformation of slope from the pile
position along the horizontal direction to the inside of the
foundation pit also decreases gradually,and it is the largest
at the pile position at the bottom of the foundation pit. At
the inner side of the piles, the shear deformation of the
slope is obvious only at the depth of 1.5m below the
bottom of the foundation pit, and the shear deformation
below 1.5m is very small.
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Figure 6. Contour of displacement oft slope
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3. Slope stress analysis

Fig. 8 shows the contour slice of vertical stress
determined with y as normal direction.According to the
figure,the vertical stress in the slope gradually increases
from the surface downward, and the stress is more
concentrated at the position of temporary road.Therefore,
the construction of temporary roads has an adverse impact
on slope stability.At the same depth below the ground,the
vertical stress of the pile position is lower than that of the
ground without load.Therefore, the piles can not only bear
the shear action in the horizontal direction, but also
produce upward friction on the soil, which can reduce the
vertical deformation of the soil. It indicates that the soil
and pile have relative deformation.Below the bottom of the
foundation pit,the stress changes on both sides of pile. The
stress of soil in the excavation area increases locally in the
range of 1/2 embedment depth, and decreases locally
below the range of 1/2 embedment depth, and the stress of
pile tip tends to be stable.

5. Validation analysis

Lizheng is the main software for the stability analysis
of foundation pit slope, which is widely used in the actual
slope support engineering design. The support design of
the slope is calculated through Lizheng in the paper. The
cohesion and internal friction angle of the soil layer used

in the calculation are shown in Table 1, some parameters
are shown in Table 2, and the values of other parameters
are the same as those used in the numerical simulation.

Table 2. Design parameters

Weight  Importance Tensile, Shear Section
(kN/ coefficient ~ compressive  strength plastic
m?) and bending  (MPa)  development

strength coefficient
(MPa)
18.6 1.0 215 215 1.05

5.1. Stability analysis

The most unfavorable sliding surface is determined
through the calculation of Lizheng. The Swedish slice
method is adopted in the calculation, and the soil strip
width of 1.0m is selected.The results show that the center
coordinates of the most unfavorable sliding arc are (-
1.947,1.923) and the radius is 8.201 (as shown in Fig.
9).The integral stability safety coefficient of the slope is
2.490, greater than 1.30, meeting the specification
requirements.

It can be seen from Fig. 7 that the slope with steel pipe
pile support does not form an through sliding surface, the
integral stability of the slope is good, and no sliding failure
will occur. The numerical simulation is consistent with the
calculation results of Lizheng design.

FLAC3D 5.00

®2012 Itasca Consulting Group, Inc,

Contour of ZZ-Stress

Plane: on

Calculated by: Volumetric Averaging
-4.2341E+03
-2.5000E+04
-5.0000E +04
-7.5000E+04
-1.0000E+05
-1.2500E+05
-1.5000E+05
-1.7500E+05
-2.0000E+05
-2.2500E+05
-2.5000E+05
-2.7500E+05
-3.0000E+05
-3.2500E+05
-3.2945E+05

Figure 8. Contour slice of Vertical stress

Unit: m .
_ N R B Soil parameters
o o
3 e
© (-1.947,1.923) 221 silt
~-| | AL8.6
v I
ik 271 ¢=16.0
271 ) g24.0
o 07
a .7
© s

s
sz
sz

Figure 9. Integral stability (LiZheng software)



750 © 2022 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 16, Number 5 (ISSN 1995-6665)

5.2. Displacement analysis

According to the comparison between Fig. 5 (b) and
Fig. 6 (b), the vertical displacement of piles and soil at the
same depth is different.It indicates that the piles and soil
move relatively, resulting in friction on the contact
surface.Because the vertical displacement of pile and soil
is nonlinear, the friction is different at different depths. At
the same depth, there is a difference in the horizontal
displacement between the piles and the soil. The horizontal
displacement of the row piles is greater than that of the
soil, resulting in a certain degree of void between the piles
and the soil, which is mainly caused by the bending
deformation of the steel pipe piles due to the large bending
moment near the bottom of the foundation[39]. The
conclusion of slope stability shows that there is a certain
degree of void between the piles and the slope, which will
not affect the integral stability of the slope to a certain
extent. Therefore, void phenomenon can be allowed to a
certain extent in the actual design, which can save
materials.

In the numerical simulation, the pile spacing is 500mm
and the pile diameter is 168mm, so the distance diameter
ratio is 2.98. As shown in Fig. 5 and Fig. 6, the maximum
horizontal displacement of the slope is 3.1cm, and its
maximum vertical displacement is 1.0cm.The maximum
horizontal displacement of the pile is 4.2cm, and its
maximum vertical displacement is 0.7cm. As the support
structure is of class Il, the monitoring alarm value
specified in the specification is not exceeded [40].
Therefore, the arrangement of steel pipe piles with a
distance diameter ratio of 2 [41] is not suitable for all
situations. The reason is that the appropriate distance
diameter ratio is related to the soil type of the slope,
groundwater, ground load, crown beam setting and other
factors, which need to be determined through
comprehensive analysis.

As shown in Fig. 10, the maximum horizontal
displacement of piles calculated by Lizheng is -466.39mm
- -0.95mm, which is close to the maximum horizontal
displacement of 420mm obtained by numerical simulation,
and the error is only 9.9%, so the numerical simulation
results are relatively reliable.

-510 -255 0 255 510
5
depth(m)
10
12

displacement(mm)
(-466.39)-(0.95)

Figure 10. Displacement (LiZheng design)

6. Conclusions

1. The position 1.0m above the bottom of the foundation
pit is the boundary point of pile stress. The normal
stress increases from this point downward, and the
shear stress peaks. The maximum normal stress occurs
at 0.5m above the pile tip, and the shear stress peaks
again. The normal stress and shear stress at pile tip
decrease.

2. Due to the deformation of slope soil, the steel pipe pile
has horizontal and vertical displacement under the
action of soil. The bottom of the foundation pit is the
boundary point of horizontal displacement.The
horizontal displacement above the bottom of the
foundation pit is large and changes obviously.The
horizontal displacement at the pile top is the largest,
and the displacement below the bottom of the
foundation pit is very small.The vertical displacement
of pile increases gradually from pile top to pile tip, and
the relative displacement between pile and soil leads to
friction, resulting in tensile deformation of pile.

3. The horizontal displacement of slope is the largest at
the position 1/4 of the road width away from the road
center towards the direction of the foundation pit. It
gradually decreases to both sides, and the influence
range mainly concentrates on the range of 4.5D away
from the top line of the foundation pit.The vertical
displacement of slope is the largest under the temporary
road, and gradually decreases from the surface
downwards.The vertical displacement near the pile
increases upward and downward with (1/3~2/3) D as
the center. The influence of the vertical displacement in
the horizontal direction exceeds the range of 4.5D from
the excavation top line.

4. Small shear deformation occurs in the slope near pile,
and the shear deformation is not obvious in the slope. It
does not form a through sliding surface in the slope,and
steel pipe piles can ensure the stability of the slope.

5. Affected by the load of the temporary road, the slope at
the temporary road location produces stress
concentration and causes displacement of the slope.The
displacement of slope is different from that of pile,
resulting in friction between slope and pile.

Expectation

Only a single type of soil is considered in the paper, the
ground has no load other than that of the temporary road,
and there is no groundwater. In practice,the stress and
displacement of pile and slope are affected by a variety of
factors, which should be comprehensively analyzed.

Void phenomenon between piles and the soil can be
allowed to a certain extent in the actual design.Under the
condition of ensuring the integral stability of the slope, the
degree of voids allowed to occur needs to be further
studied.
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