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Abstract: Groundwater is abundant in soft soil areas, which has a significant impact on the excavation
deformation of foundation pits. In this paper, based on the monitoring of deep foundation pits with
waterproof curtains in Shanghai deep foundation pits, COMSOL Multiphysics is used to model the
layers of the foundation pits and establish a two-dimensional seepage-consolidation coupled model
for hierarchical dewatering excavation. The feasibility of numerical simulation of regional foundation
pits, the modeling method of the foundation pit seepage model is explored, and the presence or
absence of waterproof curtains, and the influence of aquitards on the horizontal displacement of
foundation pits and surface settlement outside the pits is analyzed. The research shows that the
simulated foundation pit deformation values are in good agreement with the actual monitoring values
and that the effect of dewatering and seepage has a great influence on the foundation pit deformation.
The waterproof curtain has a significant effect on reducing the drop in the water level outside the pit
and controlling the surface settlement. After installing a waterproof curtain, the amount of ground
settlement is reduced, but the disadvantage is that the deformation of the enclosure structure increases.
Finally, the influence of aquitard on the deformation of foundation pit excavation is simulated, and
the distribution characteristics of the flow network diagram under different permeability coefficients
are analyzed. According to the analysis of the foundation pit deformation law and flow network
diagram, it is considered that the waterproof curtain can effectively reduce the influence of aquitard
on foundation pit deformation.

Keywords: soft soil area; fluid-solid coupling; horizontal displacement; settlement; waterproof
curtain; aquitard

1. Introduction

The safety of excavations for deep foundation works is an important issue in urban
construction, especially for deep foundation pits next to urban roads and buildings [1,2].
Deep foundation pits, especially in soft soil areas, which are characterized by low soil
strength and a high water table, are more prone to engineering problems. Seepage research
in subterranean spaces is already advanced [3,4], but not effectively integrated with pit
safety. Some researchers have proposed predictions for building safety problems through
probabilistic prediction methods, but the models are more macroscopic [5,6]. In order
to control the horizontal displacement and subgrade settlement, to ensure the safety of
personnel, and to reduce engineering losses, the monitoring of deep pits and the numerical
simulation of fluid-solid coupling are very important. Liu et al. [7] used the finite element
method to analyze the fluid-solid coupling process of the multi-level cascade dewatering
excavation process based on the Biot consolidation theory. Xue et al. [8] designed a seepage
model test device and conducted a groundwater seepage simulation test on the suspended
curtain foundation pit, obtained the seepage flow network shape consistent with the ac-
tual project, and studied the characteristics and laws of the groundwater seepage field.
Zhang et al. [9] considered the influence of the soil void ratio and compressibility index
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changes caused by the drop in groundwater level on the calculation of land subsidence
and proposed a calculation method for ground subsidence outside the pit caused by dewa-
tering in the foundation pit in the aquifer at different insertion depths of the waterproof
curtain. Chen et al. [10] conducted a finite element numerical simulation to analyze the
deformation of the foundation pit and adjacent pipelines under the dewatering excavation
of the foundation pit and studied the deformation response of the foundation pit and adja-
cent pipelines when the waterproof curtain was inserted at different depths under steady
seepage. Shen et al. [11] calculated the groundwater flow in three-dimensional conditions
and soil deformation in one-dimensional conditions and analyzed the relationships among
land subsidence, groundwater withdrawal volume, and groundwater level.

In water-rich areas, the groundwater control system usually adopts the dewater-
ing method of setting up pumping wells in the foundation pit to ensure construction
safety [12,13]. However, dewatering will cause groundwater to fall and retaining walls to
move [14,15], which, in combination, can lead to severe land subsidence. In the calculation
of the horizontal displacement of the envelope structure, the effect of seepage is often
ignored [16]. The effect of a waterproof curtain on the aquitard is rarely mentioned [17,18].
Some scholars have simulated the seepage field of deep foundation pits and calculated the
settlement during precipitation [19–27].

This paper uses COMSOL Multiphysics to simulate the excavation process of the
foundation pit, a deep foundation pit project in Shanghai. Compare the simulated data
and the measured data, verify the accuracy of the fluid-solid coupling model, explore and
analyze the role of the waterproof curtain in the deformation control of the foundation pit,
and examine the influence of the permeability coefficient of the aquitard on the deformation
of the foundation pit.

2. Engineering Background and Model
2.1. Engineering Background

The foundation pit is located in the North Bund area of Yangshupu Road, Hongkou
District, Shanghai, with the Huangpu River in the south, Yangshupu Road in the north, and
Ruifeng Building and Qinhuangdao Road in the east. The foundation pit is surrounded by
bored cast-in-place piles, on which concrete support is used, and a three-axis cement-soil
mixing pile with a diameter of 850 mm is used as a waterproof curtain. The pit is irregularly
rectangular in shape, measuring approximately 230 m from east to west and 140 m from
north to south. The excavation depth of the foundation pit is 13.4 m, which belongs to the
category of deep foundation pit.

In the parameter design, the excavation depth of the foundation pit is 13.4 m, with
the center point of the pit bottom as the center and the vertical direction as the symmetry
axis, and half of the foundation pit is selected as the research object. According to local
hydrological materials, it is assumed that the water level height of the foundation pit is
2 m underground, and it is assumed that the influence of the water level is not considered
when the distance from the foundation pit is more than three times.

2.2. Model and Meshing

The vertical influence depth is generally greater than or equal to 2 times the depth of
the foundation pit, while the horizontal influence range is generally greater than or equal
to 3 times the depth of the foundation pit. Since the excavation depth of the foundation pit
is 13.4 m, the depth of this model is 40 m, and the horizontal distance is 60 m.

Comsol is used in this work, it is a commercially available software based on the low
order finite element method. In this regard, based on a better accuracy and calculation
time considerations, the spectral element method (SEM) can be selected for use due to its
ultimate accuracy [28,29]. The meshing of the model is shown in Figure 1. The meshing
must take into account the accuracy of the calculation and the calculation time. The bored
pile is used as the key part of the mesh, as the center of the mapping, and spreads out to
the remaining parts, forming a meshing with the key points of the calculation spreading
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outward. Such a division increases the accuracy of the critical part of the calculation and
effectively reduces the calculation time, as shown in Wu [14] and Yazgan [30].
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Figure 1. Model meshing diagram.

When the effects of seepage and pore water pressure are not considered, the main
factors affecting the horizontal displacement of bored piles are the uniform load and soil
plasticity in the upper part of the foundation pit. The uniform load of 35 × 103 Pa in
the upper part of the foundation pit and the soil plasticity are calculated by matching the
Mohr–Coulomb criterion with the D-P criterion.

In addition, the modeling approach for the pit seepage model is explored. The most
critical aspect is the determination of the water table height. Firstly, the water head of
the soil in the pit needs to be determined. In the setting of the boundary conditions, the
water head of the DE should be kept consistent and constant with the water table height
in the area. Prior to construction, water should be precipitated, and generally, the water
table height line after precipitation should meet less than 0.5 m above the excavation depth.
Therefore, the water heads in AC and AB should be equal to the water table height after
precipitation. Finally, the process of precipitation is simulated by the change in water head
in the precipitation well [9].

2.3. Material Parameters

We simulated the horizontal displacement and surface settlement of the bored pile
after excavation of the foundation pit by using COMSOL Multiphysics. The model is
stratified by referring to the geological structure stratification in Table 1. The fourth layer
(silty clay) in Table 1 is a weakly permeable layer. The depths range from 10.5 to 18.5 m.

Table 1. Mechanical parameters of soil.

Number Hydrogeology Depth
(m)

Thickness
(m)

Unit Weight
(kN/m−3)

Shear Experiment

Poisson’s RatioCohesion
(kPa)

Internal Friction
Angle (◦)

1 Filled soil / 4.6 18 0 10 0.3
2 Clay sand 4.6 1 18.2 10 29 0.25
3 Silt sandy clay 5.6 4.9 17.4 14 18 0.25
4 Silty clay 10.5 8 16.9 14 11 0.25
5 Clay 18.5 3.5 17.8 19 12.5 0.25
6 Silty clay 22.3 3.8 18.1 20 19 0.25
7 Sandy clay 26.5 4.2 19.9 50 19.5 0.25
8 Sandy silts 30.7 6.5 18.7 3 35.5 0.25
9 Sand 37.2 13.8 18.7 1 36 0.25

2.4. Supporting Structure Parameters

The strength grade of the bored pile is C30, the Young’s modulus is 30 MPa, and the
Poisson’s ratio is 0.3. The pit is supported in three layers, set at depths of −2 m, −6 m,
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and −10 m, with four meters between supports. The inner supporting structure adopts
steel pipe struts, the maximum allowable displacement of the prestressed bolt is set to
25 mm, and the Young’s modulus is 2× 105 Mpa. When the displacement is less than the
allowable displacement, the bolt does not apply supporting force. When the displacement
is greater than 25 mm, the supporting force will increase linearly with the increase of
displacement. The strength parameters of the three-layer supporting structure are equal.
When the excavation reaches a certain depth, the columns are activated as long as the
deflection of the bored pile is greater than the allowable value.

The axial stiffness S of the supporting structure is estimated as:

S = E
A
l

(1)

A is the cross-sectional area, l is the length of the support, and E is the Young’s
modulus of the material.

2.5. Fluid-Solid Coupling Theory

The coastal areas of China belong to the soft soil areas. The change of the underground
pressure head in the soft soil will lead to elastic-plastic deformation, and during the
excavation of the foundation pit with a waterproof curtain, the excavation of the foundation
pit will cause the difference of the water head inside and outside the pit.

The deformation of a saturated porous medium caused by fluid withdrawal is theo-
retically described by the three-dimensional fully coupled poroelasticity model [31]. The
theory considers the stress-strain relationship between the fluid and the solid skeleton and
its mode of motion separately [32].

The complex situation is better reflected in the calculation of the Biot consolidation
theory [7,33]. Biot theory presents a three-dimensional, fully coupled pore elastic model,
which is widely used in calculations for numerical simulations. The Biot theory assumes
that all layers around the pit are homogeneous, fully saturated, and that the soil particles
and pore water are incompressible and describes the deformation of saturated porous
media caused by fluid withdrawal under Darcy’s law [34] and is applicable to the problem
of deformation of porous media caused by the process of foundation pit precipitation. The
groundwater seepage in the model follows Darcy’s theorem. Based on Biot’s consolidation
theory, the two-dimensional fluid-solid coupling equation can be expressed as:

− G∇2wx −
G

1− 2v
· ∂

∂x

(
∂wx

∂x
+

∂wy

∂y

)
+

∂u
∂x

= 0 (2)

− G∇2wy −
G

1− 2v
· ∂

∂y

(
∂wx
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+

∂wy
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)
+

∂u
∂y

= −γt (3)

− ∂
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(
∂wx

∂x
+

∂wy

∂y

)
+

1
γw

{
∂

∂x

(
kx ·

∂u
∂x

)
+

∂

∂y

[
ky

(
∂u
∂y

+ γw

)]}
= 0 (4)

G is Young’s modulus; ∇2 is Laplace operator; wx, wy refer to the displacement along
the x, y direction; v is Poisson’s ratio; u is pore water pressure; γt, γw are the unit weight of
soil and water; kx, ky refer to the permeability coefficient along the x, y direction.

Calculation method: According to study [12], the yield criterion of the soil around the
pit needs to be determined first, and in this paper the Moore–Coulomb criterion is used
to calculate the stress-strain of the soil in different layers. Boundary conditions and initial
pore water pressure conditions are set, parameters are input, and meshing is carried out
before the calculation.

3. Numerical Simulation of Foundation Pit Deformation

For the calculation of the horizontal displacement of the foundation pit, the influence of
gravity can be ignored, while in the calculation of the settlement and uplift of the foundation
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pit, the prestressing effect of gravity and the process of unloading the foundation pit need
to be considered. The difference between the non-fluid-solid coupling model and the
fluid-solid coupling model is whether the pore pressure changes due to the dewatering
process are taken into account. The soil around the pit is used as a viscoelastic material and
the strength is calculated based on M-C criterion and D-P criterion [35].

− G∇2wx −
G

1− 2v
· ∂

∂x

(
∂wx

∂x
+

∂wy

∂y

)
= 0 (5)

− G∇2wy −
G

1− 2v
· ∂

∂y

(
∂wx

∂x
+

∂wy

∂y

)
= −γt (6)

− ∂

∂t

(
∂wx

∂x
+

∂wy

∂y

)
+

1
γw

∂

∂y

(
kyγw

)
= 0 (7)

In the non-fluid-solid coupling model, the dewatering process during the excavation
of the foundation pit is not considered. Therefore, the consolidation settlement caused by
dewatering is not considered.

3.1. Horizontal Displacement of the Enclosure

Use CX-3 soil inclinometer to monitor the horizontal displacement of the enclosure.
The calculated and measured values of the horizontal displacement of the bored pile are
shown in Figure 2. The maximum displacement calculated by the fluid-solid coupling
model is −23.3 mm, which appears at the buried depth of −9.7 m. The maximum value of
the calculated value of non-fluid-solid coupling is 14.9 mm, which appears at the buried
depth of −10.4 m. The maximum monitoring displacement is −23.2 mm, which occurs
at the buried depth of −11 m. The maximum displacement calculated by the fluid-solid
coupling model is closer to the actual value, and the position of the maximum displacement
point calculated by the two models is relatively close to the actual position. In general, the
fluid-solid model is better.
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3.2. Internal Force Analysis of Enclosure Structure

Khatri’s finite element analysis of the bearing capacity of axially-loaded piles in clay
based on the von Mises yield criterion, which compares well with actual test results. The
von Mises yield criterion is more accurate and closer to the experimental values than the
Moore–Coulomb criterion for the calculation of stresses in piles [36,37]. Chakraborty [38]
also applied the von Mises yield criterion to obtain a satisfactory result. The finite element
simulation of the von Mises stress of the bored pile is carried out, and the variation of
the von Mises stress with the depth of the bored pile is shown in Figure 3. It is clear
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from Figure 3 that the two trends are relatively similar, but the maximum stress at the
same depth is very different. The results of the fluid-solid coupling calculations are
significantly larger. This is due to the constraints of the model, which constrain the
horizontal displacement between the top and bottom of the bored pile. The non-fluid-solid
coupling model maximum is at −9.9 m, while the fluid-solid coupling model maximum
is at −8.4 m, presumably the effect of seepage, with pore stresses accounting for a greater
proportion of the depth of the pit excavation. Considering the seepage and dewatering, the
stress of the bored-in-place piles inside the pit increases significantly.
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cement ratio used in the project, the porosity of the bored pile is taken to be 0.108. After 
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The shear stress diagram is shown in Figure 4. It can be found that after considering the
effect of dewatering and fluid-solid coupling, the shear stress of the bored piles generally
increases, and the shear stress appears at −2 m, −6 m, −10 m at the buried depth of the
pile. 242.9 kPa, appearing at −1.9 m buried depth. The depth of the sudden change point is
the set depth of the support structure. It is inferred that the sudden change of shear stress
is caused by the force of the inner support. Due to the lateral displacement of the bored
pile, the compression of the inner support gives the pile an opposite force. Secondly, the
pile body also has a sudden change point at the depth of the pit bottom, which is analyzed
as an uneven force caused by the empty condition of the excavation of the foundation pit.
Therefore, the key parts of pile body shear resistance are the junction of the pit bottom and
the pile body and the joint part of the supporting steel pipe and the bored pile, and the
monitoring and protection of the shear strength at this point should be strengthened.
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4. Influence of Waterproof Curtain on Deformation of Foundation Pit

The simulation of the water barrier is achieved by changing the infiltration coefficient
in the model. To differentiate significantly, the bored piles do not pass water when there is a
water barrier. The seepage field is calculated by the porosity of the cement when there is no
water barrier. According to Wang’s research [39], combined with the actual water-cement
ratio used in the project, the porosity of the bored pile is taken to be 0.108. After installing
the waterproof curtain, due to the difference in water head height inside and outside the
pit, the pore pressure from outside the pit to the inside of the pit is generated, which leads
to an increase in the deformation of the enclosure structure. Figures 5 and 6 show the
variation of horizontal displacement versus settlement for different models. The maximum
settlement is 12.5 mm with the waterproof curtain, and 30.7 mm without the waterproof
curtain. The maximum settlement occurred at 10 m away from the foundation pit. The
maximum horizontal displacement of the case with waterproof curtain is 22.7 mm, and the
maximum settlement of the case without waterproof curtain is 20.6 mm. All occurred at
the buried depth of −12.5 m.

Appl. Sci. 2022, 12, 11242 8 of 15 
 

installing the waterproof curtain, due to the difference in water head height inside and 
outside the pit, the pore pressure from outside the pit to the inside of the pit is generated, 
which leads to an increase in the deformation of the enclosure structure. Figures 5 and 6 
show the variation of horizontal displacement versus settlement for different models. The 
maximum settlement is 12.5 mm with the waterproof curtain, and 30.7 mm without the 
waterproof curtain. The maximum settlement occurred at 10 m away from the foundation 
pit. The maximum horizontal displacement of the case with waterproof curtain is 22.7 
mm, and the maximum settlement of the case without waterproof curtain is 20.6 mm. All 
occurred at the buried depth of −12.5 m. 

 
Figure 5. Influence of waterproof curtain on surface settlement outside the pit. 

 
Figure 6. Influence of the waterproof curtain on the horizontal displacement of the pile. 

The flow network diagram consists of streamlines intersected by lines of equal head. 
The arrows are Streamlines, which indicate the direction of flow within the seepage zone. 
The numbers on the contour lines indicate the water head. Figures 7 and 8 show the flow 
network diagram with and without waterproof curtain. 

Figure 5. Influence of waterproof curtain on surface settlement outside the pit.

Appl. Sci. 2022, 12, 11242 8 of 15 
 

installing the waterproof curtain, due to the difference in water head height inside and 
outside the pit, the pore pressure from outside the pit to the inside of the pit is generated, 
which leads to an increase in the deformation of the enclosure structure. Figures 5 and 6 
show the variation of horizontal displacement versus settlement for different models. The 
maximum settlement is 12.5 mm with the waterproof curtain, and 30.7 mm without the 
waterproof curtain. The maximum settlement occurred at 10 m away from the foundation 
pit. The maximum horizontal displacement of the case with waterproof curtain is 22.7 
mm, and the maximum settlement of the case without waterproof curtain is 20.6 mm. All 
occurred at the buried depth of −12.5 m. 

 
Figure 5. Influence of waterproof curtain on surface settlement outside the pit. 

 
Figure 6. Influence of the waterproof curtain on the horizontal displacement of the pile. 

The flow network diagram consists of streamlines intersected by lines of equal head. 
The arrows are Streamlines, which indicate the direction of flow within the seepage zone. 
The numbers on the contour lines indicate the water head. Figures 7 and 8 show the flow 
network diagram with and without waterproof curtain. 

Figure 6. Influence of the waterproof curtain on the horizontal displacement of the pile.

The flow network diagram consists of streamlines intersected by lines of equal head.
The arrows are Streamlines, which indicate the direction of flow within the seepage zone.
The numbers on the contour lines indicate the water head. Figures 7 and 8 show the flow
network diagram with and without waterproof curtain.
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In the settlement simulation, it is considered that the whole bored pile is impermeable,
and the depth of the waterproof curtain is 30 m. The depth of the waterproof curtain has
no effect on the distribution form of the deformation curve of the enclosure structure, but
has an effect on the horizontal displacement deformation. Observing the seepage flow
network diagram of the foundation pit, with the setting of the waterproof curtain, the
ground settlement is significantly reduced, but the disadvantage is that the deformation
of the waterproof curtain enclosure structure of the bored pile is larger. This is close to
the actual law of engineering, and is in line with the experimental research conclusions of
Zhang [9] and Chen [10].

The distribution characteristics of the two flow network diagrams are different. Under
the condition that the pumping rate of the precipitation well remains unchanged and the
boundary conditions remain unchanged, the installation of the water barrier changes the
seepage path, the direction of seepage outside the pit changes from pointing towards the
bored pile to pointing towards the bottom of the water barrier, and the seepage rate is
significantly reduced. Secondly, the iso-head line changes from around the precipitation
well to around the bottom of the curtain, resulting in a thin distribution of iso-head lines
outside the pit and a reduction in pore pressure, which is the reason for the reduction in
settlement after the installation of the curtain. In the case of setting the waterproof curtain,
the seepage flow lines of the foundation pit all surround the bottom of the waterproof
curtain, and are generally distributed in a “U” shape, with equal water head lines separated
by the bottom of the water curtain is surrounded by a circle center, and the distribution
outside the pit is not dense and uneven. In the case of no waterproof curtain, the seepage
flow line of the foundation pit is concentrated at the precipitation height of the dewatering
well in the foundation pit, and the iso-water head line is surrounded by this position as
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the center, and the iso-water head line is evenly distributed and has no obvious dispersion
outside the pit. It is not difficult to draw a conclusion that after setting the waterproof
curtain, the pore water pressure on the right side of the bored pile is greater than that
without the curtain, while the pore water pressure on the left side of the bored pile is similar.
The horizontal displacement of bored piles is larger.

5. Influence of Permeability Coefficient in Aquitard

With the change of the permeability coefficient of the aquitard, the settlement outside
the pit will change accordingly. The silty clay layer of this model is an aquitard, the perme-
ability coefficient is the empirical parameter value of silty clay, and the horizontal perme-
ability coefficient is 5 × 10−4 m·d−1, vertical permeability coefficient is 1 × 10−4 m·d−1.
The permeability coefficient was chosen with reference to the parameters in study [24],
and numerical simulations revealed that the amount of change in displacement was only
observable when the permeability coefficient was changed ten times over. The main pa-
rameter of the aquitard is that its permeability coefficient is much lower than that of the
confined aquifer. Impermeable layer seepage is blocked. Exponentially increase or decrease
the permeability coefficient of the aquitard, calculate in groups, and consider the horizontal
permeability coefficient and the vertical permeability coefficient increased 10, 100, and
1000 times to form four groups. The analysis of the two situations with or without the
waterproof curtain was considered separately, and the role of the waterproof curtain in the
case of different permeability coefficients of aquitards was explored. This chapter analyzes
the changes of flow network diagrams with different permeability coefficient to explain the
changing laws of horizontal displacement and settlement.

5.1. Deformation Simulation with Waterproof Curtain

Figure 9 shows the change of horizontal displacement of bored piles with the change
of permeability coefficient, and Figure 10 shows the change of settlement amount with
the change of permeability coefficient. Figures 11 and 12 are flow network diagrams
of foundation pits with different permeability coefficients. All of the above are with a
waterproof curtain. The research conclusion shows that the increase of the permeability
coefficient of the weakly permeable layer leads to the decrease of the horizontal displace-
ment and the increase of the surface settlement. It is easy to find out by observing the flow
network diagram:
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(1) The interval between the iso-water head lines in the upper area of the weakly
permeable layer is larger than that in the lower part, and the water head at the same position
increases while the pressure head decreases. The smaller the permeability coefficient of
the weakly permeable layer, the larger the interval distance between the isohydraulic lines,
and the larger the water head at the same position, which is considered to be the reason for
the reduction of the surface settlement outside the pit.

(2) As the permeability coefficient of the aquitard decreases, the iso-water head line
shifts at the boundary of the aquitard, the seepage curve occurs and the seepage obstruction
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increases, the curve is not dense, the smaller the permeability coefficient of the aquitard,
the offset angle bigger.

(3) After the permeability coefficient of the weakly permeable layer increases, both the
horizontal and vertical seepage increase, and the increase is obvious near the bored pile.
The seepage velocity in the lower part of the weakly permeable layer is obviously higher
than that in the upper part. The weakly permeable layer will cause the pore water pressure
on the left and right sides of the bored pile to increase, while the pore water pressure on the
left side increases more, and the pore water pressure on the right side increases less. It is
considered that this is the reason why the horizontal displacement of bored piles increases
as the permeability coefficient decreases. In this model, the weakly permeable layer is
located just near the precipitation height of the foundation pit, and has the characteristics
of downward seepage in the upper part and upward seepage in the lower part.

5.2. Deformation Simulation without Waterproof Curtain

Figure 13 shows the change of the horizontal displacement of the bored pile with the
change of the permeability coefficient, and Figure 14 shows the change of the settlement
with the change of the permeability coefficient. Figures 15 and 16 are flow network diagrams
of foundation pits with different permeability coefficients. The research results show that,
the permeability coefficient of the weakly permeable layer and the horizontal displacement
increase and the surface settlement decreases when there is no waterproof curtain. Observe
the flow network diagram and find:
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(1) First, the law of seepage changes, and the direction changes from a “U”-shaped
distribution around the bottom of the waterproof curtain to concentrated in the precipitation
position. The water head line also has the characteristics of the previous section: the smaller
the permeability coefficient of the aquitard, the greater the distance between the water head
lines, and the greater the water head at the same position.

(2) The water head line is shifted in the area of the aquitard, and is surrounded by the
precipitation height of the foundation pit as the center. The smaller the water head, the
smaller the surrounding radius, and the smaller the surrounding radius at the aquitard.

(3) The waterproof curtain effectively reduces the influence of the weakly permeable
layer on the deformation of the foundation pit. Whether it is the horizontal displacement
of the bored pile or the surface settlement outside the pit, the deformation when there is a
waterproof curtain is smaller than that without the waterproof curtain.

6. Conclusions

(1) The horizontal displacement of bored piles and the surface settlement are important
indicators to measure the stability of foundation pit engineering. However, considering
the seepage effect of dewatering excavation in numerical simulation is closer to the actual
situation of the project, which can effectively improve the accuracy of the numerical
simulation. The study found that the calculated value of the fluid-solid coupling model is
generally larger than that of the single case only considering soil plasticity, and is closer to
the actual monitoring value. By analyzing the calculated values of the shear stress and von
Mises stress distribution of the bored pile, there is a sudden change of shear stress at the
junction of the pit bottom and the bored pile, and the monitoring and protection of this
position should be strengthened.
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(2) The influence of the waterproof curtain on the deformation of the foundation pit:
the setting of the waterproof curtain has an influence on the seepage direction, which
reduces the surface settlement significantly, and the disadvantage is that the horizontal
displacement of the bored piles increases. Summarizing the distribution law of the flow
network diagram and analyzing the causes of deformation, the pore water pressure on
the right side of the bored pile increases while the pore water pressure on the left side is
almost unchanged.

(3) The influence of the seepage velocity of the aquitard on the settlement and pore
water pressure of the aquitard: This research shows that, the aquitard will lead to an
increase in the horizontal displacement and a decrease in the surface settlement. And
surround the circle with the precipitation height of the foundation pit as the center. The
smaller the position of the water head, the smaller the surrounding radius. In addition, the
waterproof curtain effectively reduces the influence of the weak water permeable layer on
the deformation of the foundation pit.
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