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Advancing urbanization in China requires large-scale high-rise construction and underground transportation projects.
Consequently, there is an increasing number of deep foundation pits adjacent to water bodies, and accidents occur frequently.
This study uses a numerical simulation method to study the stability of the deep foundation pit near water based on the
Biot three-dimensional seepage-stress coupling model, with the open-cut section on the south bank of the Jinan Yellow
River Tunnel Project as the engineering field test. This indicates the following: (1) the maximum horizontal displacement
of the diaphragm wall occurred in the fifth excavation stage, and a horizontal brace effectively controlled the inward
horizontal displacement of the foundation pit; (2) considering the effect of seepage in the soft soil foundation, the
maximum vertical displacement of the ground surface at each excavation stage occurred adjacent to the underground
continuous wall. As the depth of the foundation pit increased, the vertical surface settlement decreases gradually in the
direction away from the excavation face; (3) considering the seepage conditions, within each interval of excavation of the
foundation pit, the horizontal displacement of the continuous underground wall and ground settlement declined; and (4)
the numerical simulation and field monitoring data were in good agreement. Under the conditions of accurate model
simplification and parameter selection, numerical simulations can adequately forecast conditions of the actual project.

1. Introduction

With increasing urbanization in China, high-rise buildings
and underground transportation projects have entered a
period of large-scale construction. Particularly, deep and
large foundation pit projects are becoming increasingly

common in urban construction. Gong et al. [1-4] According
to a notice issued by the Ministry of Housing and Urban-
Rural Development of China on the production safety acci-
dents of housing and municipal engineering, there were
773 production safety accidents in housing and municipal
engineering and 904 deaths in China in 2019. Further, 69
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were foundation pit collapses, accounting for 8.93% of the
total, and 70-90% were caused by ineffective groundwater
control. Therefore, in the construction of foundation pits,
especially in water-rich areas, it is extremely important to
adopt appropriate plans to control groundwater.

During excavation, the soil behind the wall (pile)
moves into the pit, causing ground settlement around the
foundation pit. When the settlement exceeds the critical
value, foundation pit collapse occurs. Huang et al. [5-7]
extensively researched the characteristics of the settlement
of surrounding buildings caused by adjacent excavation
of foundation pits. Wang and Wang [8] taking the Jinan
Metro Line 1 deep foundation pit project as their research
object analyzed on-site monitoring data during the excava-
tion process and concluded that the maximum horizontal
displacement occurred at one-third the pile height. Fur-
ther, the maximum axial force and settlement value
occurred at the second crossbrace position and the two
corners away from the foundation pit, respectively. Huang
et al. [5] proposed a new analytical solution for ground
settlement caused by the excavation of deep foundation
pits based on the elastic half-space Merlin solution. The
change law of the earth pressure of normally consolidated
soil after foundation pit excavation was analyzed, and the
loading and unloading modulus formula was obtained by
the parameter calculation method in the Ken-tension
curve model. Zhang et al. [9] studied the field monitoring
data of a deep foundation pit in soft soil, and the displace-
ment and force characteristics of the diaphragm wall sup-
port during the excavation of the foundation pit were
analyzed. It was also found that Hsieh and Ou can better
describe the development trend of surface settlement. Niu
et al. [10] focused on the deep and loose soil in central
and southern China, and a model of lateral displacement
and land subsidence of supporting structures was estab-
lished with reference to Japanese standards. The research
results show that the joint support scheme can effectively
control the deformation of the foundation pit and its sur-
roundings during excavation, and a reasonable supporting
structure force can be determined.

The change in groundwater level is an important fac-
tor affecting the safety of the project foundation pit
excavation and construction and a focus of scholarly
research Zheng et al. [11-15] analyzed; the monitoring
data of 10 open-cut subway stations in Xi'an and the
space-time deformation during the construction of deep
foundation pits in collapsible loess areas were studied.
The results show that the vertical ground deformation
and pile side deformation caused by digging long and
deep foundation pits in collapsible loess areas increased
with time. The maximum surface settlement decreased
with an increase in the stiffness (K) of the foundation
pit support system, increased linearly with the excavation
depth (Hw), and decreased with an increase in the foun-
dation pit height-width ratio. Chen et al. [6] used
MIDAS-GTS to study the seepage field and surface set-
tlement laws in a foundation pit project in Northeast
China, concluding that surface settlement caused by pre-
cipitation is critical in the design and construction of
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deep foundation pits. Chen et al. [12] used a numerical
calculation method to study the coupling effect of
hydraulic uplift on the instability of the pit-in-pit sup-
port structure during foundation pit excavation. The
results showed that the FS value increases with an
increase in the impervious aquifer thickness and
undrained shear strength but decreases with an increase
in the pressure bearing capacity and excavation width of
the foundation pit. Li et al. [16] researched foundation pit
engineering under the action of tides in coastal areas, The
Boussinesq function was introduced to derive the seepage
equation under the influence of tides in coastal areas, and
MATLAB was used to analyze the influence of the seepage
field on the supporting structure of foundation pits during
excavation. Xue et al. [17] analyzed the periodic changes in
the seepage pressure of the foundation through field monitor-
ing and numerical simulation using a sluice. Shen et al. [18]
used the foundation pit project for Juzizhou Island Station of
the Changsha Metro as an example; the proportion of grout
should be adjusted to 1.4, when grouting and blocking water
in areas with high water pressure. During the construction of
an underground diaphragm wall in the upper soft and lower
hard strata, one hydraulic grab trencher and 18 6t percussion
drill trenchers should be selected to ensure smooth construc-
tion in the lower hard stratum. Zhu et al. [19] used physical
model tests and Fiber Bragg Grating (FBG) displacement sen-
sors, to study the deformation of the foundation pit under dif-
ferent loads and different rainfall conditions. The results show
that the position of the inner pit relative to the outer pit has a
significant influence on the stability of the outer pit. During
the excavation of the foundation pit, the change in the soil
behind the wall (pile) is a result of the combined action of
the stress field and seepage field. The stress field or seepage
field alone cannot accurately forecast the deformation during
excavation of the foundation pit.

Achievements have also been made in the prediction
of foundation pit deformation via neural network, big data
processing, and numerical simulation. However, research
on the supporting system and soil deformation analysis
behind the wall is in the construction stage of superdeep
foundation pits near water under multifield coupling and,
especially, seepage and stress coupling. Therefore, this
study establishes a seepage stress coupling numerical cal-
culation model for the excavation support of a deep foun-
dation pit adjacent to water based on a three-dimensional
analysis, taking the open-cut section of the south bank of
the Yellow River Tunnel Project as the engineering sce-
nario. The horizontal displacement of the diaphragm wall,
vertical settlement of the surface, uplift of the bottom soil,
and variation of the seepage field at each excavation stage
were analyzed. To verify the reliability of the numerical
results, the measured field data were compared with the
calculated values.

1.1. Biot Three-Dimensional Seepage-Stress Coupling
Mathematical Model. Assuming that the soil particles in sat-
urated soil are in compressible, seepage obeys Darcy’s law.
Pore water is not subject to shear stress, and water is incom-
pressible [20]. According to the mass conservation principle
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FIGURE 1: Map featuring the location of the field demonstration.
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FIGURE. 2: Diagram of the Jinan Yellow River Tunnel support structures.
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FIGURE 3: Soil profile compared to the depth of the tunnel supports.

FiGURE 4: Numerical model.

and Darcy’ law and assuming water flow continuity in satu-
rated soil, three-dimensional unsteady seepage flow continu-
ity equation can be generated under three-dimensional stress
equilibrium. Using simultaneous equations, with displace-
ment and pore water pressure, for the unknown three-
dimensional unsteady seepage stress coupling equation, it
is possible to calculate the seepage and stress [21].

According to the law of mass conservation, the seepage
continuity equation can be written as

dpq,  0pd,  dpq, _9
<ax + 5 + 5, )AxAyAz-E(pnAxAyAz). (1)

The differential equation of unsteady seepage in a confined
aquifer was established on the basis of the seepage continuity
principle. Applying Darcy’s law, the differential equation for
unsteady seepage in a confined aquifer can be written as

8R8h+aRah+aR8h _Sah 2)
w\Bax) T\ Bgy) e \Ba) TS e

If the volume force only considers gravity, the coordinate
upward is positive, and the stress is positive with the pressure.
According to the principle of effective stress and the three-
dimensional equilibrium differential and physical equations,
the equilibrium differential equation of pore water pressure
can be expressed as

-KA’L, - K oe + o =0,
1-2v 0x Ox
K
~“KA’L, - .§+a—”=0, (3)
7 1-2v 9y Oy
v K 'as ay__
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In the formula &= ((dL,/dx) + (0L,/dy) + (0L,/0z)), G
and v represent the shear modulus and Poisson’s ratio,
respectively—A*  represents  the  Pilates  operator
andA? = (0%/0x%) + (0%/0y?) + (0°/922).

In saturated soil, the variation of pore water pressure and
displacement with time at any point must satisfy both the stress
balance and seepage continuity equations. The basic equation of
unsteady seepage-stress coupling can be derived by combining
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TaBLE 1: Sequence of construction for the Yellow River Tunnel.

Construction procedure

Construction content

Job content

1 First-order precipitation Water level dropped to 88.0 m
2 First-stage excavation Earthwork was excavated to 89.5m
3 First horizontal brace Perform the first bar at 90.9 m
4 Second Water level dropped to 83.0m
5 Second Earthwork was excavated to 84.6 m
6 Second horizontal brace Make the first bar at 85.4
7 Third-order precipitation Water level dropped to 77.2 m
8 Third-stage excavation Earthwork was excavated to 78.7 m
9 Third horizontal brace Make the first bar at 80.7 m
10 Fourth-stage precipitation Water level dropped to 72.6 m
11 Fourth order Earthwork was excavated to 73.4 m
12 Fourth horizontal brace Make the first bar at 75.6 m
13 Fifth-level precipitation Water level dropped to 70.0 m
14 Fifth-stage excavation Earthwork was excavated to 71.0 m

TaBLE 2: Soil physical parameters.

Parameter

Material Density (kg/m3) Bulk (MPa)  Shear (MPa)  Cohesion (MPa)  Friction  Porosity fg{r:ga)ﬂ((;;l zﬁp‘;a/lsl;;:
Miscellaneous fill 1900 43 2.6 0.038 16 0.375 2.51x107"
Silt 2000 4.7 2.2 0.041 25 0.498 6.31x 107"
Silty clay 2000 6.3 3.6 0.06 30 0.479 1.26x 10712
Clay 2100 45 1.8 0.014 25 0.463 3.04x 107"
Silty clay 2200 153 3.5 0.015 30 0.462 3.32x 1071

the stress balance and seepage continuity equations:

) K 0de ou
~KA’L_- e o,
¥ 1-2v ox Ox
knr - K -§+a—”=0,
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In the formula, ¢ =S, (3*/0x?) +S,(9*uldy*) + S,(0° /0
z%), S represents the permeability coefficient and y,, represents
the bulk density of water.

2. Project Summary

2.1. Project Summary. The Jinan Yellow River Tunnel, in the
middle of Jinan City, is 3.68 km long. It is the first large traf-
fic tunnel across the Yellow River in China. The Jinan Yel-
low River Tunnel has the characteristics of a large project
scale with high technical difficulty, many system interfaces,
and a tight construction period. It is an important north-

ward cross-section tunnel supporting the “crossriver devel-
opment” strategy of Jinan City. The tunnel is a superlarge
section shield tunnel, jointly constructed by the urban road
and rail transit M2 line (as shown in Figure 1). The road is
a 2-way, 6-lane urban trunk road with a design speed of
60 km/h.

The starting and ending points of the open-cut section of
the south bank of the Jinan Yellow River Tunnel Project are
EKO + 568.128~EKO0 + 974.747, 406.619m in length. The
buried depth of the foundation floor is from 20.60 to
32.30m, and the overburden soil of the roof is 2.4~4.0m.
The open-cut construction method is adopted. The open
cut and hidden buried systems are 3 (four) layers with 3-
span box frame structure system, and the deepest buried
depth of the bottom plate is 32.30 m.

The Jinan Yellow River Tunnel adopts the underground
continuous wall with internal support, construction method,
and the specific support scheme is as follows: (1) a 1000 mm
underground continuous wall is used for the retaining struc-
ture. (2) Four vertical supports are set for the foundation pit,
concrete crown beams are set at the top of the wall, and roof
pressing beams are set. The first support is reinforced con-
crete on the crown beam, and the spacing is 7.0 m. The sec-
ond support position is a steel tube support with 3.5m
spacing. The third consists of a reinforced concrete support
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FiGuRre 5: Horizontal displacement of the diaphragm wall in each
excavation stage.
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FIGURE 6: Vertical displacement of the ground surface on one side
of each excavation stage.

with concrete enclosing purlin. The fourth support uses steel
pipes with 3.5m spacing. (3) The diaphragm wall doubles as
a permanent antifloating structure (as shown in Figure 2).

2.2. Hydrogeological Condition. The geographic unit of the
open-cut section on the south bank is the first-level terrace
of the Yellow River. The buried depth of groundwater is
0.89~1.30 m, the elevation is 22.77~22.96 m, and the ground
elevation is 23.76~24.60 m. The terrain is flat, the topogra-
phy is single, the main layer is relatively continuous, and
there are many interlayers. The stratigraphic structure is
more complicated. The stratum is mainly composed of silty
clay and partly of clay. The engineering properties are gen-

70
60 —
s0-
40
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| Centerline of foundation pit
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Vertical displacement (mm)
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Figure 7: Uplift displacement of the bottom soil at each excavation
stage.

eral, with weak to weak water permeability, low bearing
capacity, and medium to high compressibility. It is easy to
produce deformation. Silty clay is dominant below the exca-
vation line.

The type of groundwater is pore water with Quaternary
loose overburden, and its aquifers are mainly artificial fill,
clayey silt, silty clay, and fine sand. Among these, the silty
clay, clayey silt, and fine sand are slightly to weakly, medium
to ~strong permeable layers, respectively (as shown in
Figure 3). According to the water injection test results of
the south bank working well, the comprehensive permeabil-
ity coefficient of the formation is 1.48 m/d. The dynamics of
the groundwater level are controlled by surface water and
precipitation. The water level rises in the high water season
and drops in the low water season, which is similar to the
river water patterns. Groundwater flows in the direction of
the river to eventual infiltration.

3. Numeral Calculations

3.1. Numerical Calculation Model and Boundary Conditions.
An optimized numerical calculation model was established
based on the geological conditions of the open-cut section
on the south bank of the Yellow River Tunnel in Jinan.
The size of the model was 164 m x 91 m x 5m, and the beam
element was used for the horizontal support (as shown in
Figure 4).

The boundary conditions of the model were as follows:
the left and right boundaries constrain displacement in the
x direction; front and rear boundaries (y direction) constrain
displacement in the y direction; the bottom surface con-
strains displacement in the z direction; pore water pressure
is allowed to change; a permeable boundary is adopted;
and the top surface is a free surface.
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FIGURE 8: Pore water pressure cloud diagram of each excavation step.
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FIGURE 9: Plan view of typical foundation pit monitoring.

3.2. Construction Process and Parameter Selection. Founda-
tion pit dewatering and excavation were conducted in stages
to achieve “graded dewatering and graded excavation,”
which avoided excessive seepage pressure caused by unusu-
ally low one-time precipitation, thus causing excessive
ground settlement. The construction process sequences are
listed in Table 1.

To facilitate calculation, geological prospecting data for
layers with similar physical and mechanical parameters were
combined [22]. The simplified soil layers consisted of five
layers, and the physical and mechanical parameters of rock
and soil mass and structural units are shown in Tables 2 and
3, respectively. The Mohr-Coulomb constitutive model was
used for the numerical calculation, the elastic constitutive
model was used for the underground diaphragm wall and
transverse bracing, the model config fluid mode was opened,
and the isotropic seepage model was used for seepage [23].

3.3. Analysis of Calculation Results. According to the calcula-
tion model and physical and mechanical parameters, numer-
ical calculation of the open-cut section of the south bank of
the Jinan Yellow River Tunnel Project was completed, and
the deformation field and pore water pressure field of the
foundation pit retaining structure and surrounding soil were
obtained. The horizontal displacement of the diaphragm
wall, vertical displacement of the surface on one side, and
pore water pressure of the uplift displacement of the soil at
the bottom are analyzed in the following sections (as shown
in Figures 5-8).

Figure 5 shows the underground continuous wall for
each excavation stage and the horizontal displacement curve
during foundation pit excavation. The constraints of the wall
were improved by the stiffness of the large upper support
structure. The wall itself had significant rigidity, high
strength, and good integrity. The pressure of the soil under
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Wall displ t .. . .
all displacement (mm) the joint action of the underground continuous wall resulted
-6 -3 0 3 6 9 12 15 18 21 24 . . . . .
C . g L . C . . , in a maximum horizontal displacement of approximately
N Firstcrogsbrace ... ... 14 mm that occurred in the excavation face at approximately
4] T 1/3 of the excavation height. According to the relationship
-4 - . U Second crossbrace between the horizontal displacement curve of the diaphragm
-8 LN wall and the displacement of the transverse bracing, the hor-
-10 7 ™, Third cross brace izontal bracing effectively controlled the inward horizontal
-127 M displacement of the foundation pit. The lateral displacement
g 147 ”‘). tended to increase with the increase in the excavation depth
= -4 ... ... ... ... g . Fourthcrossbrace L .
£ 5] P of the foundation pit. In the first four stages of excavation,
8 5] i the enclosure wall top displacement was more stable. During
0] ; Bottom of foundation pit stage five of the exce'wation on top of .the diaphragm wall, a
Y S displacement mutation appeared, which may be related to
26”7 T ;‘ the bottom of foundation pit excavation. The underground
~28 1 1 continuous wall surface to increase international airport;
=30 7 ‘ gap increased water pressure of groundwater which created
321

a displacement mutation, at the top of the foundation pit.
The fourth and fifth stages of the underground continuous
wall horizontal displacement curve were smooth, showing
that a reasonable support structure significantly changed
the change trend of the lateral displacement of the support-
ing structure, effectively protecting the foundation pit from
retaining structure deformation [24].

—m— October 5, 2020

—e— November 5, 2020
—a— December 5, 2020

Ficure 11: Horizontal displacement of underground diaphragm
wall in typical section.
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According to the surface vertical displacement, the max-
imum surface vertical displacement occurred near the dia-
phragm wall at each excavation stage (as shown in
Figure 6). With the increasing foundation pit excavation
depth, the maximum vertical displacement of the surface
presented an increasing trend. Meanwhile, the vertical dis-
placement of the foundation pit decreased in the direction
away from the excavation face with each excavation stage.
A small abrupt change occurred 12m away from the dia-
phragm wall. This was because, under the coupled action
of soil and water and with the increase of the excavation
depth of the foundation pit, the surface facing the dia-
phragm wall increased, and the soil around the foundation
pit formed a stable sliding surface. The vertical surface dis-
placement at the sliding surface appeared as the small abrupt
change [25, 26].

According to the displacement curve representing the
soil heave at the bottom of the foundation pit during each
excavation stage, the displacement of soil heave at the bot-
tom of foundation pit increased with the increasing excava-
tion depth, the soil heave at the middle line of foundation pit
was the largest, and a maximum heave of approximately
65 mm occurred during the fifth excavation stage (as shown
in Figure 7). There was an increase in the heave uplift
between the third and fourth excavation stage, mainly
because for this, there was a soft soil layer between the third
excavation stage (at a depth of 12m), and the fourth was
silty clay. Under the coupled effect of soil and water, the lat-
eral earth pressure at the bottom of the foundation pit
increased, creating an uplift mutation. Therefore, the abun-
dant groundwater and soft texture layer should allow effec-
tive pit dewatering and should be closed quickly to
minimize the soil exposure time [27, 28].

The excavation pore water pressure distribution can be
seen in Figure 8. The pore water pressure of the under-
ground continuous wall was far less than the coefficient of
permeability of the rock mass and generated a very good
waterproof effect. During the first, second, and third excava-
tion stage, the pore water pressure showed no apparent
change nor obvious seepage 12m below the excavation
surface.

During steady seepage, the pore water pressure gradient
at the upper part of the foundation pit did not change signif-
icantly, and the sealing effect of the diaphragm wall was sig-
nificant. The contour lines of the pore water pressure of the
foundation pit, especially at the foot, were dense. It can be
seen from the West Law that the hydraulic gradient was
large; the groundwater had a higher velocity here, and the
seepage was the most significant. Therefore, especially at
the foot of the foundation pit, seepage became obvious.
When the embedded depth of the lower continuous wall
was insufficient or row piles were used as support, water,
mud, and sand inrush was likely where the rock and soil
body was the weakest or mixed with sediment. Afterward,
holes in the back of the piles were likely to form, affecting
the stability of the foundation pit slope [29, 30]; therefore,
the monitoring frequency should be increased when the con-
struction reaches the bottom of the pit, and the secondary
lining should be sealed as soon as possible.
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4. Comparison of Numerical Calculation
Results and On-Site Monitoring Results

4.1. Monitoring Plan. To determine the deformation of the
foundation pit retaining structure and its influence on the
surrounding rock and soil mass during the excavation of
the foundation pit, the following monitoring measurements
were carried out: (1) surface settlement monitoring outside
the pit and the layout was arranged in the direction away
from the underground diaphragm wall at intervals of 2 m,
3 m, 5m, 8 m, and 8 m; (2) horizontal displacement monitor-
ing of the diaphragm wall was carried out along the
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diaphragm wall at intervals of 3mx 3, 2mx 3, and 1.5m
from top to bottom; and (3) supporting axial force monitor-
ing was conducted by placing monitoring points at intervals
(as shown in Figures 9 and 10). To minimize errors, all mon-
itoring equipment was carefully calibrated and installed
prior to construction and the monitoring instruments were
checked regularly during excavation.

4.2. Analysis of On-Site Monitoring Results. According to the
underground continuous wall horizontal displacement mon-
itoring curves during the construction of the foundation pit,
the maximum horizontal displacement from the surface of
the excavation to approximately 15 was 13.5mm. The hori-
zontal displacement of the underground continuous wall
showed a trend of steady increment to a depth of 15m,
and the deformation of the underground continuous wall
horizontal displacement curve showed a trend of overall
reduction (as shown in Figure 11). When the first soil layer
was excavated, the horizontal displacement of the dia-
phragm wall showed no obvious change, and there was a
negative displacement (away from the excavation surface of
the foundation pit). According to the monitoring report,
one side of the foundation pit was piled with steel support
and the earthwork construction machinery was working on
the other side. This may explain a certain degree of negative
displacement. At the positions of the second and fourth
transverse braces, the horizontal displacement of the dia-
phragm wall again showed a small negative mutation, which
indicates that the transverse braces controlled the horizontal
displacement of the diaphragm wall [31].

The vertical displacement variation curves of settlement
monitoring points at different distances from the diaphragm
wall show that the response time of soil vertical displace-
ment was related to the distance from the excavation surface
of the foundation pit. The closer the excavation surface was,
the faster the response of soil and water displacement (as
shown in Figure 12). In the different excavation stages of
the foundation pit, each monitoring point, especially the

ones close to the excavation surface, had a higher sensitivity,
the curve clearly indicating where each excavation stage
began.

Figure 13 shows the ground water level curve monitor-
ing. With the excavation of the foundation pit, the ground-
water level showed a downward trend; the highest and
lowest water levels were 23.12m and 22.01 m, respectively.

4.3. Comparative Analyses of Numerical Calculation Results
and On-Site Monitoring Results. Comparison between the
field monitoring results and the numerical calculations
shows that the actual deformation of the foundation pit
was consistent with the results, though the actual deforma-
tion was slightly larger (as shown in Figure 14). The numer-
ical results show that the deformation curves of the
diaphragm wall and the soil behind the wall were discrete
within a small range.

Through analysis, the main reasons for the difference
between the numerical simulation results and the actual sit-
uation were as follows:

(1) The current constitutive model cannot accurately
reflect the deformation law of all soils in the excava-
tion stage (Chen et al. [12], Li et al. [16], and Zhang
et al. [32]). The parameters used in the calculation
depended significantly on the geological prospecting
data of the project, and the interval between drilling
holes was 50~100m, which cannot accurately
describe the stratification change of the excavation
surface and surrounding soil. The stress field in the
initial geotechnical test only considered the gravity
distribution, which was different from the actual
situation

From the perspective of construction conditions, the
excavation process of the foundation pit was com-
plex, and the construction period was long. During
the construction process, heavy construction vehicles
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and bad weather may have caused deviations
between the monitoring results and the numerical
calculation results

There were many factors affecting the deformation of
foundation pit excavation, the material effect of precipita-
tion; the load of surrounding buildings impacting the safety
of the excavation, in addition to the calculation model effec-
tiveness; parameter selection; construction conditions; and
other factors. The calculation accuracy of the simulation
software itself may have introduced errors in the results.
Field monitoring may have also introduced errors as the
workers’ technical skill level is uneven, and the error in the
monitoring instrument itself would affect the results of the
monitoring [33, 34].

5. Conclusions

In this study, based on the open-cut section in the south
bank of the Yellow River Tunnel Project in Jinan, the basic
equation of unsteady seepage and stress coupling was
derived using a Biot three-dimensional seepage and stress
coupling mathematical model. By combining numerical sim-
ulation and field monitoring and considering the fluid-solid
composite effect, the stability of a deep foundation pit adja-
cent to water was studied. The following main conclusions
were obtained:

(1) The numerical results were in good agreement with
the field monitoring data. The maximum horizontal
displacement of the diaphragm wall occurred in the
fifth excavation stage and was 14 mm. During the
entire excavation process, the horizontal displace-
ment of the foundation pit was effectively controlled
by transverse bracing

(2) Under the condition of seepage in a soft soil founda-
tion, the maximum vertical displacement of the
ground surface occurred near the diaphragm wall
at each excavation stage. With an increase in the
excavation depth, the maximum vertical displace-
ment of the ground surface increased and then grad-
ually decreased in the direction away from the
excavation face

(3) When seepage was considered, the horizontal dis-
placement of the underground continuous wall and
the surface settlement decreased because of the dissi-
pation of excess pore water pressure and seepage,
which is conducive to the stability of the foundation
pit. However, the soil heave at the bottom of the pit
increased

(4) Restricted by assumptions and the uncertainty of
parameters, the numerical simulation results and
field monitoring results showed a certain degree of
difference, but the results of the numerical calcula-
tion accurately reflected the surface stage of the
foundation pit excavation and retaining structure,
uplifts, and seepage field change law and tendencies.
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Therefore, on the premise of continuing to refine the
parameters and assumptions, the proposed approach
represents a reasonable simplified numerical model,
of actual engineering services
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