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Aiming at the problem of anti-inrush of confned water in foundation pits considering the infuence of engineering piles, a three-
dimensional numerical analysis model of anti-inrush stability of deep foundation pits is established by using the fnite element
software ABAQUS, and the inrush failure mechanism and deformation behavior of the foundation pit bottom under the action of
diferent confned water levels are analyzed. Te efects of diferent pile lengths, pile spacing, waterproof layer thickness, and soil
strength are studied, respectively, and the laws of pile foundation stress and soil deformation under the action of confned water
are revealed.Te results show that the existence of engineering piles has an obvious inhibitory efect on the stability of foundation
pit confned water against inrush. By introducing the comprehensive correction coefcient of pile side friction, an analysis method
for the anti-inrush stability of foundation pits considering the infuence of engineering piles is proposed.

1. Introduction

In the construction process of deep foundation excavations
with confned water, it is more likely to produce the phe-
nomenon of outburst, fowing sand, or something similar to
“boiling” water spraying sand [1]. In the design and con-
struction of foundation excavations with confned water, we
frst analyze the anti-inrush stability of foundation exca-
vations and then take certain measures to prevent foun-
dation pits from destabilizing if they do not meet the
requirements. How to accurately judge the anti-inrush
stability of deep foundation pits with confned water re-
quires the research on the internal mechanism and surge
mode of foundation pit inrush.

At present, some scholars use numerical analysis
methods to study the internal mechanism of foundation pit
inrush. Gao et al. [2] obtained the relationship between the
uplift deformation of the pit bottom and the confned water
head by the fnite diference method and proposed a cal-
culation method for the critical water head of the foundation
pit inrush. Ding and Wang [3, 4] put forward the concept of

yield stress ratio and the judgment standard for foundation
pit inrush based on the soil plasticity failure of the pit
bottom. Sun and Zhou [5] summarised three failure modes
of foundation pit inrush failure by means of model tests:
water and sand inrush failure on the contact surface, overall
jacking failure, and sand boiling failure on the surface of the
waterproof layer. Zhang et al. used numerical methods to
study the anti-inrush stability problem in inner bracing deep
foundation pits [6]. Zhang et al. studied the efect of en-
gineering piles on the rebound deformation of foundation
pits [7]. Li et al. [8] presented a distinct lattice spring model
for stability and collapse analysis of deep foundation pit
excavation. Ng et al. [9]studied the performance of an
existing piled raft and pile group due to adjacent multi-
propped excavation. Yuan et al. [10, 11] analyzed the in-
fuence of groundwater depth on pile-soil mechanical
properties and fractal characteristics under cyclic loading.
For the deep foundation pit engineering using the reverse
construction method or horizontal support, when the
antisurge stability check is carried out, if the pressure bal-
ance method in the specifcation is adopted [12], it is
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obviously conservative and prone to the situation that the
check calculation result does not match the actual project.
Other methods include the homogeneous continuous beam
(slab) analysis method [13, 14], the homogeneous contin-
uum method [15], and so on. Tere are few studies con-
sidering the impact of engineering piles on the antisurge of
foundation pit confned water. In fact, in order for the
confned water to pour out from the bottom of the pit, it is
necessary not only to overcome the self-weight of the soil in
the aquiclude but also to overcome the cohesion and friction
between the soil particles. For foundation pits with many
engineering piles, the pullout resistance of the pile foun-
dation should also be considered. In order to study the efect
of engineering piles on the antisurge of the foundation pit,
the fnite element software package ABAQUS is used to
establish a three-dimensional fnite element analysis model
of foundation pit inrush in pile group foundation in this
article, considering diferent pile lengths, pile spacings,
thickness of aquiclude, and soil strength as infuencing
factors, revealing the law of pile foundation stress and soil
deformation under the action of confned water, by in-
troducing the comprehensive correction coefcient of pile
side friction resistance, proposing an analysis method of
foundation pit antisurge stability.

2. Numerical Model of Anti-
Inrush with Excavations

2.1. Calculation Assumptions. When using ABAQUS for
fnite element analysis in this paper, the following as-
sumptions are made:

(1) Te soil within the calculation range is a homoge-
neous, continuous, and isotropic elastic-plastic
material with a horizontal distribution. Te plastic
stage follows the Mohr-Coulomb yield criterion;

(2) Te change in soil stress caused by the construction
of the enclosure structure and engineering piles
before the excavation of the foundation pit is not
considered;

(3) Both the enclosure structure and the engineering
piles are assumed to be linearly elastic bodies.

2.2. Computational Model. Te excavation depth of the
foundation pit is 10m, the boundary infuence range of the
calculation model is 4 times the excavation depth, the side
length of the foundation pit is 16m, and the engineering
piles in the pit are arranged in a 5× 5 rectangle. Te type of
pile foundation is bored cast-in-place pile, and the en-
closure structure adopts an underground diaphragm wall
and three reinforced concrete supports. Te wall thickness
is 0.8m, and the geometry and load distribution of the
foundation pit are symmetrical. Terefore, take 1/4 of the
structure to establish a fnite element analysis model; the
thickness of the lower soil layer at the pile end is 8m; the
calculated model size is length 48m, width 48m, height
34m; the fnite element model and mesh division are
shown in Figures 1 and 2.

Te surface of the model is a free-draining surface; the
soil adopts a C3D8P three-dimensional eight-node pore
pressure element; a C3D8R unit is used for the pile body and
underground diaphragm wall; contact elements are set at the
pile-soil contact surface; the Coulomb frictionmodel is used;
the friction coefcient is selected as μ � tan(0.75ϕ), where ϕ
is the internal friction angle of the soil [12].

2.3.CalculatedParameters. Te foundation pit envelope and
the pile body are simulated by linear elastic materials, Elastic
modulus E� 28GPa, Poisson’s ratio v � 0.2, physical and
mechanical parameters of the soil are shown in Table 1. Te
geometric parameters of the model are shown in Table 2.

2.4. Treatment ofHydraulicConditions. Teprogram requires
that a certain vertical referencewater level yref (y-direction) be set
for the cluster frst and that its pore pressure be equal to the
reference pressure value Pref, below the reference water level, the
pore pressure of the cluster increases linearly in proportion to
the Pinc. Amodel for confned water action in a deep foundation
pit can be established in two ways: by defning the confned
aquifer group water table and by defning the pore pressure
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Figure 1: Te profle of the 1/4 gushing model of the
foundation pit.
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Figure 2: Meshes of the fnite element model.
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distribution. Confned water pressure is loaded in stages; the
initial pore pressure below the surface is the distribution of
hydrostatic pressure. Te water pressures at all levels on the top
surface of the confned aquifer are 100kPa, 120kPa, and
142.46kPa, thereafter increasing by 10%.Te loadingmethod of
confned water is shown in Figure 3.

2.5. Verifcation of Numerical Simulation Results. In order to
ensure the accuracy and reliability of the fnite element
numerical simulation calculation results, comparing the
numerical simulation results with the laboratory model test
results [16], the deformation law of the soil at the bottom of
the pit is the same as that obtained from the indoor model
test; the vertical displacement of soil at the center of the
foundation pit changes with water pressure as shown in
Figure 4; the error is less than 10%.

3. Analysis of Calculation Results

3.1. Axial Force of Pile Analysis. Te model calculation pa-
rameters are selected as pile length L� 16m, pile diameter
D� 0.8m, pile spacing 4D, and water barrier thickness
h� 7m. Te soil weight at the top of the confned aquifer is
142.46 kPa. After the excavation of the foundation pit is
complete, increase the pressure of the confned water step by
step according to the method shown in Figure 3 until the
foundation pit is damaged by a sudden surge. Figure 5 shows
the change of the axial force of the pile foundation (namely
the central pile, the side pile, and the corner pile) at diferent
positions of the foundation pit with the pressure of the
confned water.

It can be seen from Figure 5 that each pile mainly bears
the tensile force, showing a trend of increasing frst and then
decreasing, and the axial force at diferent positions of the pile
body increases with the increase in confned water pressure.
Due to the jacking action of the confned water, the aquiclude
at the bottom of the pit is uplifted and deformed, the top of
the confned aquifer rebounds due to the unloading efect,
and the maximum axial force is located below the soil layer
interface (the top surface of the confned water layer) 2∼3m.
Te relative displacement of the pile and soil at the center of
the foundation pit is large. Under the same bearing water
pressure, the relationship between the axial force of each pile
body is: center pile> side pile> corner pile.

3.2. Skin Friction of Pile Distribution. With the loading of the
confned water head, the side friction of the piles develops step
by step; the variation of the side friction distribution of each
pile with the confned water pressure is shown in Figure 6.Te
relative displacement of the pile and soil within the aquiclude is
positive, and the pile side produces positive frictional

resistance. According to the friction characteristics of the pile-
soil interface, diferent relative displacements of piles and soil
are closely related to the degree of pile side friction.

It can be seen from Figure 6 that the variation law of the
side friction resistance of each pile is similar; the pile side
frictional resistance develops step by step with the increase of
the confned water head, the relative displacement of the pile
and soil at the soil layer interface is the largest, and therefore,
the positive frictional resistance of the upper part of the pile
body reaches the maximum value, the lower part of the pile
body is subject to negative frictional resistance, and there is
no softening phenomenon. Te lateral friction resistance of
the pile is distributed in an inverse “S” shape; the neutral
point gradually moves down with the increase of the bearing
water pressure, and the range of the positive friction re-
sistance gradually increases.

Table 2: Geometrical parameters of the model.

Pile length
L (m)

Pile diameter
D (m)

Pile spacing
nD (m)

Impervious bed
thickness
h (m)

Excavation depth
H (m)

Excavation width
B (m)

Total number
of models

10, 16, 20 0.4, 0.5, 0.8 4D, 6D, 8D 5, 7, 9 10 16 7

Pit bottom aquiclude

Confined aquifer

70 10
0

12
0

14
2.

64
15

6.
71

17
0.

95
18

7.
50

Figure 3: Te loading mode of confned water (unit: kPa).
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Figure 4: Variation of vertical displacement of soil at the center of
pit bottom with water pressure.
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Under the same confned water head pressure, the rel-
ative displacement of the pile and soil at the center of the
foundation pit is the largest, the side friction resistance of the
center pile is the largest, and the corner pile is the smallest.
However, in the range of 0∼3m at the top of the aquiclude,
the side friction resistance of each pile is distributed in
a triangle, and the size is basically the same. It shows that the
soil deformation at the bottom of the aquiclude is obvious,
and the relative displacement of the pile and soil is large.
Since the development of the pile side friction is related to
the physical andmechanical properties of the soil around the
pile, the negative friction at the bottom of the pile body does
not reach the limit friction.

3.3. Deformation Analysis. After the excavation of the
foundation pit, the soil rebounded due to unloading, and
the maximum rebound amount was 96mm. Te soil

deformation is uniform and symmetrical, and the de-
formation and displacement curve of the soil at the bottom
of the pit during the loading stage are shown in Figure 7.

Te soil deformation curve in the fgure is parabolic; due
to the constraints between the soil and the underground
diaphragm wall, the deformation at the center of the
foundation pit is larger than that at the edge of the foun-
dation pit, and uplift deformation of the soil increases with
the increase of the confned water pressure. It can be seen
from the fgure that for every 10% increase in the confned
water pressure, the maximum deformation growth rate is
about 6%, and the maximum uplift of the soil is 14.8 cm
when the fnal foundation pit is damaged by inrush. Te
distribution of the soil plastic zone is shown in Figure 8. It
can be seen from the fgure that the plastic zone is mainly
generated at the contact surface of the pile and soil and is
distributed within a certain waterproof layer above the soil
layer interface. Te plastic zone of the pile-soil contact
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Figure 5: Distribution of axial force of piles at diferent positions. (a) Central pile, (b) side pile, and (c) corner pile.
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surface at the center of the foundation pit is larger, and the
plastic zone gradually develops upward from the soil layer
interface with the increase in water pressure.

3.4. Analysis of the Infuence of Diferent Factors

3.4.1. Infuence of Pile Length. In order to study the efect of
pile length on the antisurge capacity of the foundation pit, the
pile lengths are respectively 10m, 16m, and 20m, the pile
diameterD is 0.8m, the pile spacing is 4D, the thickness of the
water barrier is 7m, and the soil strength parameters are listed
in Table 1. Te change of the axial force of each pile under the
action of a certain confned water pressure is shown in
Figure 9. It can be seen that with the increase of the pile

length, the position of the maximum axial force of each pile
moves downward, indicating that the embedded and fxed
efect of the confned aquifer on the engineering pile is more
obvious after the increase of the pile length. Te confning
water pressures when the foundation pit inrush fails are
177.4 kPa, 187.5 kPa, and 187.7 kPa, respectively. It can be
seen that the increase of the pile length can efectively im-
prove the antisurge capacity of the foundation pit; the axial
force of the central pile is greater than that of the side piles and
the corner piles; when the lateral friction resistance of the soil
body in the aquiclude at the bottom of the pit reaches the
limit, increasing the pile length is very limited in improving
the antisurge ability of the foundation pit; the exertion of the
lateral friction resistance of the pile has a depth efect.
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Figure 6: Distribution of skin friction of piles at diferent positions. (a) Central pile, (b) side pile, and (c) corner pile.
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When the confned water pressure is P� 170.95 kPa, the
uplift deformation of the soil at the bottom of the pit with
diferent pile lengths is shown in Figure 10. It can be seen
that the soil uplift when the pile length is L� 10m is

signifcantly greater than that when L� 16 and 20m; the
maximum value reaches 44mm, which are 14.3% and 19.6%
larger than those when L� 16 and 20m, respectively. With
the increase in pile length, the uplift amount of soil
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Figure 7: Te deformation curve of the bottom soil.
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displacement gradually decreases, and the maximum soil
displacement at L� 16 and 20m difers by 4.6%. It can be
seen that the increase in pile length has a signifcant in-
hibitory efect on soil uplift deformation.

3.4.2. Infuence of Pile Spacing. Te pile spacing is 4D, 6D,
and 8D, respectively (D is the pile diameter), and the model
parameters are: the pile length is 16m, the pile diameter is
0.8m, 0.5m, and 0.4m, the thickness of the water barrier is
7m, and the pile group is 5× 5 arranged distribution. Te
calculation results show that under the condition of diferent
pile spacing, the antisurge ability of the foundation pit is
diferent, the pile spacing increases, the antisurge ability of
the foundation pit gradually weakens, and the confned
water pressures of the foundation pit are 187.5 kPa,
175.6 kPa, and 171.8 kPa, respectively, when the foundation

pit is damaged. Figures 11 and 12 show the axial force and
pile side friction distribution of each pile in the foundation
pit when the confned water pressure is 170.95 kPa.

It can be seen from Figure 11 that the distribution of
axial force for each pile is similar for diferent pile spacings.
Under the same bearing water pressure, the axial force of the
lower part of each pile gradually decreases with the increase
in pile spacing, and the axial force changes in the range of the
aquiclude are similar. It can be seen from Figure 12 that the
upper part of the pile body is subject to positive frictional
resistance, and the positive frictional resistance of each pile
within the range of the clay layer is distributed in a triangle
within the range of 3-4m below the bottom of the pit to the
top surface of the confned aquifer, the lower part of the pile
body is subject to negative frictional resistance. With the
increase of pile spacing, relative displacement of pile and soil
increases, resulting in greater pile side friction, but the
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Figure 9: Axial force of the pile under diferent pile lengths. (a) L� 10m and P� 177.4 kPa axial force diagram of the pile; (b) L� 16m and
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increase of pile spacing reduces reinforcement efect of the
engineering piles on soil at the bottom of pit, antisurge
capacity of foundation pit does not increase signifcantly.
Te results show that the critical water pressure of the
foundation pit inrush at 8D is 171.8 kPa, which is only 21%
higher than that of the pileless foundation pit.

Figure 13 shows the soil uplift displacement of the
foundation pit with diferent pile spacings when the con-
fned water pressure is 170.95 kPa. Under the same condition
of confned water pressure, pile spacing is diferent, and soil
uplift displacement is also diferent.When pile spacing is 4D,
uplift displacement is the smallest, and the maximum dis-
placement is about 38mm, which is 11.9% and 19.3% lower
than that of 6D and 8D, respectively. Since engineering piles
in the foundation pit can play a certain role in strengthening
the soil at the bottom of the pit, the soil at the bottom of the
pit is subject to downward friction. In the antisurge stability

analysis of the foundation pit, not only the weight of the soil
but also the negative friction force of the pile on the soil and
the cohesion of the soil should be considered. It can be found
that the smaller the pile spacing, the larger the pile-soil
contact area, the better the reinforcement efect, and the
smaller the soil uplift displacement.

3.4.3. Infuence of the Tickness of Aquiclude. Figure 14
shows the relationship between soil uplift displacement
and confned water pressure for diferent aquiclude thick-
nesses (h� 5m, 7m, and 9m), and the results show that
uplift displacement of soil increases with the increase in
confned water pressure, all of which are parabolic. Under
the same water pressure, the larger the thickness of the
aquiclude, the smaller the soil uplift displacement. Te
foundation pit with aquiclude thickness of h� 5m only
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sufers sudden surge failure when the confned water
pressure is 129.4 kPa; when h� 7m and 9m, the confning
water pressures of the foundation pit for sudden surge
failure are 187.6 kPa and 242.1 kPa, so that increasing the
thickness of the aquiclude can improve the antisurge ability
of the foundation pit. In engineering, grouting at the bottom
of the pit is often used to increase the thickness of the
aquiclude, which is one of the most efective measures to
resist a sudden surge. If the thickness of the water-retaining
layer at the bottom of the pit is 5m after the excavation of the
foundation pit is completed, the maximum confned water
pressure is 129 kPa, and themaximum uplift displacement of
soil is 30mm, by increasing the minimum thickness of

foundation pit foor to 7m by the grouting method, foun-
dation pit will not sufer from inrush damage, and the
maximum uplift displacement of soil is reduced to 17mm,
the anti-inrush capacity of foundation pit is improved.

3.4.4. Infuence of Soil Strength. Te soil weight and shear
strength of the aquiclude at the bottom of the pit are one of
the factors that afect the stability of the foundation pit
inrush. Te use of triaxial cement mixing piles or high-
pressure rotary jetting piles to reinforce soil at the bottom of
the pit can efectively increase the strength of the soil and
improve the antisurge capacity of the foundation pit. It is
assumed that the soil at the bottom of the pit is reinforced
with three-axis cement mixing piles; the cement content of
materials used is 15%; the water-cement ratio is 0.5; and the
physical and mechanical parameters of the cement-soil
mixture after the reinforcement of the pit bottom are
shown in Table 3.

Figure 15 shows the limit value of the side friction
resistance of the pile before and after the reinforcement of
the pit bottom soil. After the soil at the bottom of the pit is
reinforced, the limit value of the side friction resistance of
the central pile is 8 times higher than that before the re-
inforcement, the friction resistance at the interface of the
soil layer is the largest, the position of the neutral point is
moved up, the antisurge capacity of the foundation pit is
obviously improved, and the confned water pressure of the
foundation pit at the time of inrush failure is 340.57 kPa,
which is 163% higher than that before reinforcement.
Figure 16 shows the uplift deformation of soil at the bottom
of the pit after reinforcement. It can be seen that the uplift
displacement of soil at the bottom of the pit is signifcantly
reduced due to the increase in the shear strength of the soil
after reinforcement.
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Figure 12: Distribution of pile side friction under diferent pile spacing. (a) Pile spacing 6D and (b) pile spacing 8D.
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Figure 13: Uplift displacement of soil under diferent pile spacing.
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4. Revised Analysis Method of Foundation Pit
Antisurge Stability

Te above fnite element analysis shows that the engineering
piles have a certain contribution to the anti-inrush of the
foundation pit’s confned water. Terefore, the efect of side
friction resistance on engineering piles and soil strength can
be considered. Compared with the pressure balance method,
considering the soil nailing efect of engineering piles can
reduce the water level drawdown of pressure-relief wells and
save on the cost of water treatment. Establish a foundation
pit antisurge analysis model and propose the foundation
pit’s antisurge safety factor discriminant formula. Te

antisurge safety factor K of foundation pit considering the
infuence of engineering piles is defned as

K �
W + uβ · Qskh

pwS
, (1)

where W—soil weight; u—pile perimeter; h—aquiclude
thickness; β—comprehensive correction coefcient of pile
lateral frictional resistance; S—foundation pit bottom area;
Qsk—standard value of ultimate lateral resistance of piles
within aquiclude range; pw—confned water pressure.

According to the fnite element analysis, the compre-
hensive correction coefcient β of pile side friction resistance
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Figure 14: Uplift displacement of soil mass with diferent thicknesses of the water-resisting layer. (a) h� 5m, (b) h� 7m, and (c) h� 9m.

Table 3: Physical and mechanical parameters of soil-cement.

Volumetric
weight c (kN/m3)

Elastic
modulus E (MPa) Poisson’s ratio (]) Cohesion (c) Friction angle (ϕ)

19 120 0.1 235 38.7
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is mainly related to the thickness of the water barrier and
strength of the soil; the comprehensive correction coefcient
β of pile side friction resistance ranges from 0.65 to 0.8; the
larger the thickness of the water-repellent layer and the
higher the soil strength, the smaller the value of β, and the
larger the value otherwise.

Considering the inhibitory efect of engineering piles,
assuming that the confned water pressure and soil weight
balance, the critical thickness hcr of the aquiclude at the
bottom of the pit can be obtained as

hcr �
(K − 1)csatS − uβ · cuu

uβ · c
′ tanϕuu

, (2)

where cuu is unconsolidated undrained cohesion of soil
mass, ϕuu is unconsolidated undrained internal friction
angle. Te safety antisurge stability and safety check shall be
carried out before the excavation of the foundation pit so

that the minimum thickness of the water-retaining layer at
the bottom of the pit is h≥ hcr, so that the foundation pit will
not be damaged by a sudden surge, otherwise, de-
compression and dewatering measures should be taken.

5. Conclusion

Tis paper studies the anti-inrush mechanism of foundation
pits, considering the soil nailing efect of engineering piles
using ABAQUS fnite element software. Te efects of dif-
ferent pile length, pile spacing, soil strength, and other
factors on the antisurge capacity of foundation pits are
investigated. Consequently, a revised analysis method for
foundation pit antisurge stability is put forward. Te main
conclusions are as follows:

(1) Under the action of confned water, the engineering
piles in the foundation pit are mainly afected by
axial tensile force, and the internal force of each pile
foundation is quite diferent. Before the inrush
failure of the foundation pit, the relationship of the
axial force is center pile> side pile> corner pile, and
the maximum value is located near the top surface of
the confned aquifer. Te pile body is subject to
positive frictional resistance within the range of
aquiclude, and it develops step by step with the
increase of water pressure. Te side friction re-
sistance of piles at diferent positions increases step
by step with water pressure, and they are all dis-
tributed in an “S” shape. Te positions of neutral
points of the central pile and side piles gradually
move down; the positive friction resistance of the
central pile is the highest. Te soil plastic zone is
generated at the contact surface of the pile and soil
and is mainly distributed in a certain waterproof
layer above the soil layer interface. Te plastic zone
gradually develops upward from the soil layer in-
terface with the increase in water pressure.

(2) Under the action of confned water, the uplift dis-
placement curves of soil at the bottom of the
foundation pit are all parabolic. Te deformation at
the center is the largest, compared with the soft soil
foundation pit without a pile under confned water.
Accordingly, the existence of an engineering pile has
an obvious inhibitory efect on the uplift de-
formation of soil at the bottom of the pit.

(3) With an increase in pile length, the uplift bearing
capacity of an engineering pile gradually increases.
Increasing pile length can improve the anti-surge
capacity of the foundation pit, but the exertion of pile
side friction has a depth efect. Te occurrence of
foundation pit inrush is also related to pile spacing,
the thickness of the water barrier, and the strength of
the soil. In the case of a certain number of piles, the
smaller the pile spacing or the greater the thickness
and strength of the water-repellent layer, the smaller
the uplift deformation of the soil mass.

(4) Te comprehensive correction coefcient of ultimate
friction resistance on the pile side is introduced, and
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Figure 15: Comparison of ultimate frictional resistance of the
central pile before and after soil reinforcement.
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Figure 16: Soil heave displacement after pit bottom reinforcement.
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the calculation formula of the antisurge safety co-
efcient of the foundation pit considering the in-
fuence of engineering piles is proposed. Te
correction coefcient β is approximately 0.65∼0.80,
which can be specifed by the water barrier thickness,
pile spacing, and soil strength [16].
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