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Abstract: The distribution characteristics of a seepage field generated by precipitation affects the
deformation damage of the geological body and engineering geological stability, especially a seepage
field with a water-rich ultra-thick sand and gravel layer. In order to study the seepage field distribu-
tion characteristics of a water-rich ultra-thick sand and gravel layer, taking Luoyang Metro Line 1
as the engineering background, combined with the actual monitoring data of on-site precipitation,
numerical simulation was used to study the seepage characteristics of the pit project precipitation
with a suspended water-stop curtain. Through the study, the distribution characteristics of the
seepage field under different precipitation depths and aquifer thicknesses were obtained, and the
changes in pore water pressure characteristics, flow velocity and water inflow, depending on the
precipitation depth and aquifer thickness, were analyzed. The research results show that, when
comparing the calculated and measured results of the water level drop in the foundation pit, the
average value of the error of the water level drop value in the pit and the descending well is 11.7%,
which indicates that the calculation model meets the needs for its use in calculation and analysis.
Under the conditions of a suspended water-stop curtain and precipitation, for the pore water pressure
characteristics, the variation amplitude of the pore water pressure inside the pit increases with the
precipitation depth and aquifer thickness. For the maximum flow velocity, all characteristics are
present at the bottom of the suspended water-stop curtain, near the inside of the pit. The maximum
flow velocity increases linearly with the precipitation depth and there is a threshold when the aquifer
thickness is five times the precipitation depth. For water inflow, it increases with the increase in the
precipitation depth and aquifer thickness, but, with a continuous increase in the aquifer thickness,
the magnitude of water inflow growth decreases.

Keywords: sand and gravel layer; seepage field; pore water pressure; flow velocity; water inflow;
suspended water-stop curtain

1. Introduction

The seepage field generated by precipitation is one of the most important environmen-
tal influences in sand and gravel formations and an important influence on the evolution
of a geoid [1]. As part of the crustal stress, the groundwater condition in the seepage
field is directly linked to the distribution of crustal stress inside the geological body. The
excessive extraction of groundwater increases the effective stress between the internal
structures of the geological body, causing the compression of the structural skeleton, which
is macroscopically manifested as deformation of the geological body, causing the subsi-
dence of the ground; meanwhile, seepage causes particles in the strata to flow out with
the water, resulting in a ground cavity and leading to the collapse of the ground [2–5]. A
series of problems unfavorable to the project are closely related to the distribution of the
seepage field around it. In order to prevent the deformation and damage of the surrounding
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engineering and geological stability, the pumping of groundwater should be minimized.
Therefore, generally, during precipitation, a circular water-stop curtain can be set up. For
a falling-bottom water-stop curtain, the construction cost is high and the construction is
difficult; for a suspended water-stop curtain, the advantages of both water-stop curtain
methods are fully utilized, which not only reduces the cost of the project but also minimizes
the pumping of groundwater and the ground settlement around the pit [6–8].

Sand and gravel geological layers have a very widespread distribution in China; this
is a complex stratum, especially in a section adjacent to a river. Sand and gravel layers
have complex characteristics, such as large voids, high porosity, and strong permeability,
which brings a series of unfavorable problems to engineering construction projects, such as
potential collapse, water permeability, pipe surges, and so on. The excavation of foundation
pits in a sand and gravel layer with a high water level may cause a series of problems, such
as seepage damage or quicksand, which directly affect the safety of the project. In order
to prevent the occurrence of engineering accidents in foundation pits and to reduce the
phenomena of quicksand and the rumbling of surging sand in the basement, it is necessary
to lower the groundwater level to below the bottom of the foundation pit [9]. This prevents
the occurrence of accidents in foundation pit engineering and reduces the phenomenon of
quicksand [10].

The research on water-stop curtains mainly includes two aspects: analytical methods and
numerical simulations. Regarding research using analytical methods, Banerjee S et al. [11,12]
and Bereslavskii [13] deduced the analytical solution for a steady seepage field, based on
the theory of fluid dynamics, which was used to study the distribution characteristics of
a seepage field. Shen et al. [14] derived a series of simple formulas to calculate the head
difference between two sides of the stop curtain. Wu et al. [15] proposed a semi-analytical
method, combined with pumping test data, to determine the aquifer parameters. Chen
Zheng [16] proposed a semi-analytical solution for the unsteady flow of groundwater in
semi-confined pressurized aquifers in strip and circular pits, for drop-bottom stopping
curtains and suspended stopping curtains, respectively, and established a finite difference
numerical model. Many scholars have also conducted research on analytical methods for
water-stop curtains [17–22]. The above analytical solutions for seepage are based on ideal
conditions and generally assume more conditions, e.g., soils are generally assumed to be
homogeneous and isotropic. With the rapid development of computer technology, some
complex ground seepage problems that are difficult to address with analytical methods can
be better solved using numerical methods.

Regarding numerical simulation studies, Madanayaka et al. [23] derived simple ex-
pressions to estimate the flow rate and hydraulic gradient values, based on hundreds
of finite element simulations. Miyake N et al. [24] investigated the optimal length of a
water-stop curtain, based on an example of a large-scale pit excavation project in Tokyo,
Japan, using finite element analyses. Pujades E et al. [25] used numerical analysis to
derive semi-empirical equations to analyze the water isolation effect of suspended and
drop-bottom water-stop curtains. Xu et al. [26] carried out numerical analysis based on a
groundwater flow model to evaluate the seepage interception effect of water-stop curtains.
Wu et al. [27–29] studied the seepage characteristics of a seepage field with a water-stop
curtain by combining pumping test data and numerical simulation data, which was based
on a subway pit project in Hangzhou City. Wang et al. [30,31] carried out a numerical
simulation by using a three-dimensional finite difference method to study the comprehen-
sive effect of water pumping, the curtain stopping efficiency, and groundwater recharge.
Luo et al. [32] used a three-dimensional finite element simulation method to design a
precipitation optimization scheme for the pit precipitation method and set up a water-stop
curtain for water isolation. Liu Shengli et al. [33] used a numerical simulation to compare
and analyze various groundwater control schemes, such as the water isolation method,
precipitation method, and combination method of water isolation and precipitation, and
they formulated a reasonable precipitation scheme. You Yang et al. [34] simulated the effect
of the insertion depth of the water-stop curtain on the depth of the water level drop outside



Water 2023, 15, 3720 3 of 18

the pit based on the finite difference method. Ma, Changhui [35] and Jiang, Xinliang [36]
directly used numerical simulation software to analyze the seepage field under different
working conditions, which they used to solve actual engineering seepage problems. Many
scholars have also conducted research on the numerical simulation method for water-stop
curtains [37–40]. However, there is relatively little research on the influence of factors
such as the precipitation depth and aquifer thickness on the characteristics of the seepage
field [41,42].

From the current research on water-stop curtain pit precipitation, there are many
assumptions about the theoretical analytical solution of the distribution characteristics of
the seepage field and few numerical analytical solutions for the distribution characteristics
of a seepage field. Therefore, in this study, numerical simulation is used to investigate the
effects of the precipitation depth and aquifer thickness on the seepage field distribution
characteristics of the pit. Finally, the calculated values of the numerical simulation are
compared with the measured values in engineering tests to verify the reliability of the
numerical simulation, which provides a theoretical basis for the impact of precipitation on
the ground and the setting of the precipitation control index, and also provides information
for the decision making and construction of similar foundation pit engineering projects.

2. Methods of Analysis

This paper takes Luoyang Metro Line 1 as the engineering background and firstly
establishes a universal model using FLAC3D. FLAC3D has some advantages in seepage
calculation. It can simulate a reasonable seepage field by using the seepage parameters of
the fluid medium and soil medium [43], and a hybrid discrete method is used. This method
is more accurate and reasonable than the discrete integration method usually used in the
finite element domain. Then, combined with the research results regarding the permeability
coefficient of the stratigraphic conditions and the actual precipitation monitoring data of
Yangwan Station, the precipitation calculation model under the condition of the suspended
water-stop curtain in Yangwan Station is established. Finally, under the condition of
different precipitation depths and aquifer thicknesses, the distribution characteristics of
the seepage field, such as the pore water pressure size and distribution pattern, seepage
path, and seepage flow velocity size, etc., around the pit are studied, and the change rule of
water inflow in the pit with the precipitation depth and the aquifer thickness is analyzed.

2.1. Universal Model

The finite difference method software FLAC3D 5.0 is used to establish a universal
numerical model [44]. The model width is taken as 600 m, the length is 630 m, and the
height is 120 m. Considering the large influence range of precipitation, the outer boundary
of the model is a permeable boundary, and the left, right, front, and rear boundaries
of the model constrain the horizontal displacements, while the bottom constrains the
horizontal and vertical displacements. The stratum adopts the Moore–Cullen model, and
the enclosure structure adopts an elastic model, both of which use solid units. The specific
coordinate system of the universal model is shown in Figure 1, where (0,0,0) is located at
the intersection of the centerline of the longitudinal foundation pit, the beginning of the
end excavation section, and the bottom of the model.
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Figure 1. Calculation model coordinate system.

2.2. Calculation Model

Based on the universal model, a calculation model for suspended water-stop curtain
precipitation at Yangwan Station is established. Yangwan Station is located below the
northern section of Zhongzhou East Road in Luoyang City and is laid along the east–west
direction of Zhongzhou East Road, serving as the terminal station of Line 1. The station
is an underground two-story island-type platform station, with a platform width of 12 m,
a total station length of 432.3 m, a total width of 20.7 m for the standard section of the
structure, a width of 27.8 m for the west end head section, and an approximate depth of
18 m. The groundwater type in the site belongs to the Quaternary pore phreatic water,
mainly stored in the sand and gravel layer, and is a strong permeable layer. During the
survey, the burial depth of groundwater was generally 9.8~11.5 m, and the water level
elevation was 113.08~115.85 m. The foundation pit of Yangwan Station is equipped with
interlocking piles and an internal support enclosure structure, which is equivalent to a
suspended water-stop curtain. The calculation model only takes the western end part
to establish a numerical model, and it adopts the actual strata of Yangwan Station. The
strata distribution and physical and mechanical indicators used in the model are shown in
Table 1 below.

Table 1. Strata distribution and physical and mechanical indicators.

Soil Layer
Number

Soil Layer Thickness

Physical and Mechanical Parameters

Poisson’s
Ratio

Density
(kg/m3)

Elastic
Modulus

(MPa)

Permeability
Coefficient

(m/d)

Internal
Friction

Angle (◦)

Cohesive
Force
(MPa)

Void
Ratio

1 Miscellaneous fill,
loess- shaped silty clay 2 0.35 1750 15.4 6 20 0.022 0.9

2 Fine sand 6 0.30 1850 24 15 20 0 0.46

3 Loose to slightly dense
sandy and gravel 6 0.25 2100 46 60 30 0 0.42

4 Medium-dense to
dense sand and gravel 16 0.25 2200 120 80 35 0 0.39

5 Dense sand and gravel 70 0.22 2200 120 60 42 0.36
6 Impermeable bedrock 20 0.20 2500 1500 - - - 0.2
7 Enclosure structure - 0.20 2500 3100 80 - - 0.2

3. Distribution Characteristics of Seepage Field in Foundation Pits

Using the universal model, the range of the foundation pit is set to be 20 m deep (z
in the model as 100), 26 m wide (x in the model ranging from −13 to 13), and 19 m long
(y in the model ranging from 0 to 19 and 191 to 210), and the standard section is 20 m
deep (z in the model is 100), 22 m wide (x in the model ranging from −11 to 11), and
172 m long (y in the model ranging from 19 to 191). The foundation pit is set as a waterless
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operation area, and an impermeable layer is installed inside the foundation pit to simulate
a suspended water-stop curtain. We simulate and study the distribution characteristics of
the seepage field by changing the precipitation depth and aquifer thickness. Considering
the use of suspended water-stop curtains, the aquifer thickness is generally large, and many
geometric parameters affect the characteristics of the seepage field. Therefore, the influence
of the embedding depth of the water-stop curtain is not considered at this time.

3.1. Distribution Characteristics of Seepage Field under the Influence of Precipitation Depth

To study the distribution characteristics of the seepage field under the influence of
the precipitation depth, in combination with the situation of groundwater involved in
the foundation pit project of Luoyang Metro Line 1, the calculation conditions and model
parameters are as shown in Table 2, whereas the corresponding physical and mechanical
parameters of the strata are as shown in Table 1.

Table 2. Calculation conditions and parameter settings for the influence of precipitation depth on the
seepage field.

Calculation Conditions Parameter Setting Values

Precipitation depth (m) 4 6 8 10 12 14
Groundwater level (m) 104 106 108 110 112 114
Silty clay bottom (m) 114

Medium-dense to dense
pebble bottom (m) 24 26 28 30 32 34

Impermeable bedrock (m) 0~24 0~26 0~28 0~30 0~32 0~34
The bottom of the

suspended water-stop
curtain (m)

86

3.1.1. Effect on Pore Water Pressure

The variation in the pore water pressure in both the longitudinal and transverse sec-
tions of the foundation pit under different precipitation depths, considering the condition
of suspended water-stop curtains, is shown in Figure 2. From the figure, it can be seen
that the longitudinal and transverse sections of the foundation pit exhibit the same pattern.
In the vertical direction, as the depth z decreases, the pore water pressure continues to
increase. A certain amount of fluctuation occurs at the bottom of the suspended curtain, at
the connection between the permeable layer and the impermeable bedrock, which decreases
and disappears as it moves away from the pit. The change in the pore water pressure will
also increase with the increase in the precipitation depth. In the horizontal direction, as it
moves away from the foundation pit, the pore water pressure gradually tends to approach
the initial horizontal water pressure distribution state. As the distance from the edge of the
foundation pit becomes smaller, the change in pore water pressure is larger, i.e., the density
becomes greater as the boundary of the foundation pit approaches. As the distance from the
edge of the foundation pit increases, the pore water pressure gradually returns to the initial
horizontal distribution state. Near the water-stop curtain, there are drastic changes and
dense boundary lines, bypassing the water-stop curtain in an almost broken line form [45].
This indicates that near the water-stop curtain, the pore water pressure amplitude changes
sharply, there is a jump in pore water pressure on both sides of the water-stop curtain, and
the jump amplitude increases with the increase in precipitation depth.
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For the different precipitation depths, the amplitude of the pore water pressure changes
around the foundation pit increases with the increase in the precipitation depth. This is
because the change in the precipitation depth has an impact on the hydraulic slope. The
greater the precipitation depth, the greater the hydraulic slope drop. To reflect the impact
of different precipitation depths on the distribution of the pore water pressure, Figure 3
shows the extraction of groundwater level curves under different precipitation depth
conditions. From the figure, it can be seen that the decrease in the water level around the
foundation pit has a funnel-shaped distribution, so the water level drop around the entire
foundation pit has a similar funnel-shaped distribution, with large values nearby and small
values far away [46]. As it moves away from the foundation pit, the groundwater level
gradually tends to approximate the horizontal initial distribution state, which is similar to
the distribution characteristics of the pore water pressure.

Water 2022, 14, x FOR PEER REVIEW 7 of 19 
 

 

 
The variation in pore water pressure in the transverse section of the foundation pit with y at different precipitation 

depths (i.e., y = 105) (Pa) 

Figure 2. Changes in pore water pressure of foundation pits under different precipitation depths. 

For the different precipitation depths, the amplitude of the pore water pressure 
changes around the foundation pit increases with the increase in the precipitation depth. 
This is because the change in the precipitation depth has an impact on the hydraulic slope. 
The greater the precipitation depth, the greater the hydraulic slope drop. To reflect the 
impact of different precipitation depths on the distribution of the pore water pressure, 
Figure 3 shows the extraction of groundwater level curves under different precipitation 
depth conditions. From the figure, it can be seen that the decrease in the water level 
around the foundation pit has a funnel-shaped distribution, so the water level drop 
around the entire foundation pit has a similar funnel-shaped distribution, with large val-
ues nearby and small values far away [46]. As it moves away from the foundation pit, the 
groundwater level gradually tends to approximate the horizontal initial distribution state, 
which is similar to the distribution characteristics of the pore water pressure. 

 
Figure 3. Dynamic water level curve of foundation pit at different precipitation depths. 

3.1.2. Effect on Flow Velocity 
The cross-sectional flow velocity distribution and seepage path under the condition 

of a suspended water-stop curtain are shown in Figure 4. From the figure, it can be seen 
that the groundwater flows into the water-stop curtain below the outside of the founda-
tion pit and then enters the interior of the foundation pit. Within the range of the bottom 
of the foundation pit and the suspended water-stop curtain, vertical seepage is mainly 
present, and the bottom part of the water-stop curtain presents horizontal seepage. On the 
outside of the foundation pit, the groundwater flows between the portion above the 

Figure 3. Dynamic water level curve of foundation pit at different precipitation depths.

3.1.2. Effect on Flow Velocity

The cross-sectional flow velocity distribution and seepage path under the condition of
a suspended water-stop curtain are shown in Figure 4. From the figure, it can be seen that
the groundwater flows into the water-stop curtain below the outside of the foundation pit
and then enters the interior of the foundation pit. Within the range of the bottom of the
foundation pit and the suspended water-stop curtain, vertical seepage is mainly present,
and the bottom part of the water-stop curtain presents horizontal seepage. On the outside
of the foundation pit, the groundwater flows between the portion above the elevation of
the stop curtain and the dynamic water level, bypassing the curtain and entering the inside
of the foundation pit, with an increased seepage path.

In terms of flow velocity, the seepage velocity within the range of the foundation pit
bottom and the suspended water-stop curtain on the cross-section is much greater than
the external seepage flow velocity. The maximum flow velocity occurs at the bottom of
the suspended water-stop curtain near the inner side of the foundation pit and extends
towards the centerline of the foundation pit and the deeper strata centered on it, while the
seepage flow velocity becomes smaller. This is because the pore water pressure varies the
most at the bottom of the suspended water-stop curtain, resulting in the largest hydraulic
gradient at this location, and therefore the maximum seepage rate occurs at the bottom of
the suspended water-stop curtain [47]. On the transverse section, at a constant distance
from the side wall of the foundation pit, the groundwater seepage flow velocity near the
dynamic water level is greater than the seepage flow velocity of the deep strata.
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Figure 4. Transverse section velocity distribution and seepage path at different precipitation depths
(i.e., y = 105) (m/s).

Based on the distribution pattern of the seepage size of the suspended water-stop
curtain, the projected area of the cross-section x > 0 is used for areas with flow velocities
greater than 0.1875 mm/s, 0.375 mm/s, 0.5625 mm/s, and 0.75 mm/s, reflecting the
influence of the precipitation depth on the seepage flow velocity [48]. We extract the
maximum flow velocity of the foundation pit, and the results are shown in Table 3 and
Figures 5 and 6.

Table 3. The effect of precipitation depth of on seepage flow velocity.

Precipitation
Depth (m)

Projected Area (m2) Maximum Seepage
Flow Velocity (mm/s)>0.1875 mm/s >0.375 mm/s >0.5625 mm/s >0.75 mm/s

4 0 0 0 0 0.18
6 31.1 0 0 0 0.28
8 174.66 2 0 0 0.38

10 194 4 0 0 0.45
12 238.39 8 0 0 0.54
14 273.928 84 4 0 0.66
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As shown in Figure 5, according to the variation in the projected area on the transverse
section with the precipitation depth and velocity range, as the precipitation depth increases,
the area that reaches a certain seepage flow velocity increases; the larger the seepage
velocity in the corresponding interval, the slower the growth of the projection area. This is
because the seepage flow velocity within the range of the bottom of the foundation pit and
the suspended water-stop curtain is much greater than the external seepage flow velocity.
Therefore, within the precipitation depth reduction range used in the statistical flow rate
model, the projection area of the area that reaches a certain seepage flow velocity on the
transverse section increases to a certain range, and the growth trend slows down.

As shown in Figure 6, the maximum seepage flow velocity increases linearly with the
increase in the precipitation depth. This is because the change in the precipitation depth has
an impact on the hydraulic slope, and, according to Darcy’s law, the seepage flow velocity
is proportional to the hydraulic slope, indicating that the calculation results comply with
the basic assumptions [49].

3.1.3. Effect on Water Inflow

Under the condition of a suspended water-stop curtain, the variation pattern of the
water inflow to the foundation pit with the precipitation depth is as shown in Figure 7.
As the precipitation depth increases, the water inflow increases. When determining the
thickness and permeability coefficient of the aquifer, under the condition that the aquifer
thickness is much greater than the precipitation depth, fitting the precipitation depth and
water inflow using a straight line or parabolic curve leads to good fitting results. This
is because the change in precipitation depth has an impact on the hydraulic slope, and,
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according to Darcy’s law, the seepage flow velocity is proportional to the hydraulic slope
and the water inflow is directly proportional to the seepage flow velocity, indicating that
the calculation results comply with the basic assumptions [48].
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3.2. Distribution Characteristics of Seepage Field under the Influence of Aquifer Thickness

The aquifer thicknesses used in this calculation are 2.5, 5, 7.5, 10, and 12.5 times the
precipitation depth of 8 m. The calculation conditions and model parameters are shown in
Table 4, and the corresponding physical and mechanical parameters of the strata are shown
in Table 1.

Table 4. Calculation conditions and parameter settings for the influence of aquifer thickness on
seepage field.

Calculation Conditions Parameter Setting Values

Precipitation depth (m) 8
Groundwater level (m) 108
Silty clay bottom (m) 114

Medium-dense to dense
gravel bottom (m) 88 68 48 28 8

Impermeable bedrock (m) 0~88 0~68 0~48 0~28 0~8
The bottom of the suspend

water-stop curtain (m) 92

3.2.1. Effect on Pore Water Pressure

Under the condition of suspended water-stop curtain precipitation, the distribution
law of the pore water pressure in the longitudinal and transverse sections is the same.
Therefore, the distribution law of the pore water pressure with different aquifer thicknesses
on the longitudinal section is studied. The specific details are shown in Figure 8. From the
figure, it can be seen that in the vertical direction, as the depth z decreases, the pore water
pressure continues to increase, and there will be certain fluctuations at the bottom of the
suspended water-stop curtain. This fluctuation will continue to decrease and disappear
as it moves away from the foundation pit. Additionally, the magnitude of the pore water
pressure change with the aquifer thickness also decreases as it moves away from the
suspended water-stop curtain. In the horizontal direction, as the distance from the edge of
the foundation pit becomes greater, the variation in pore water pressure becomes smaller,
i.e., the density becomes greater as the distance from the edge of the foundation pit increases.
The pore water pressure gradually returns to the initial horizontal distribution state as
the distance from the edge of the foundation pit increases. At depth z = 80 m, the aquifer
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thickness of 20 m is horizontal. This is because, at a depth of z = 80 m, the location is in
impermeable bedrock, and the pore water pressure does not change with the location of the
pit, so it remains a horizontal line. Near the water-stop curtain, there are drastic changes
and dense boundary lines, bypassing the water-stop curtain in an almost broken line form.
This indicates that near the water-stop curtain, the amplitude of the changes in pore water
pressure increases sharply, and there is a jump in the pore water pressure on both sides
of the water-stop curtain. However, when the precipitation depth decreases to a certain
extent, the greater the aquifer thickness, the greater the change in pore water pressure at the
bottom of the foundation pit and outside the suspended water-stop curtain [50]. Moreover,
as the aquifer thickness increases, the increment of changes in the pore water pressure
decreases. When the aquifer thickness reaches 10 times or more of the precipitation depth,
the pore water pressure tends to be consistent. This is because the greater the aquifer
thickness, the greater the hydraulic slope drop. The effect of the suspended water-stop
curtain on the pore water pressure is relatively small. However, after the aquifer reaches
10 times the precipitation depth, this effect becomes negligible. Therefore, the difference
in water pressure on both sides of the suspended water-stop curtain increases with the
increase in the aquifer thickness. When the aquifer thickness is greater than 10 times the
precipitation depth, the influence of the aquifer thickness on the difference in pore water
pressure on both sides of the curtain is relatively small.
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Figure 8. Changes in pore water pressure of foundation pits under different aquifer thicknesses.

To reflect the impact of different aquifer thicknesses on the distribution of the pore
water pressure, groundwater level curves were extracted for different aquifer thicknesses,
as shown in Figure 9. From the figure, it can be seen that the decrease in the water level
around the foundation pit follows a funnel-shaped distribution. Therefore, the water level
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drop around the entire foundation pit follows a similar funnel-shaped distribution, with
large values nearby and small values far away. As it moves away from the foundation
pit, the groundwater level gradually approximates the horizontal initial distribution state,
which is similar to the distribution characteristics of the pore water pressure.
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Figure 9. Dynamic water level curve of foundation pit at different aquifer thicknesses.

3.2.2. Effect on Flow Velocity

The cross-sectional flow velocity distribution and seepage path under the condition of
a suspended water-stop curtain are shown in Figure 10. As shown in Figure 10, the seepage
flow velocity within the range of the bottom of the foundation pit and the suspended water-
stop curtain on both the horizontal and vertical sections is much greater than the external
seepage velocity. The maximum flow velocity occurs at the bottom of the suspended
water-stop curtain near the inner side of the foundation pit, and it extends towards the
center and deeper strata of the foundation pit, while the seepage flow velocity is relatively
small. On both the horizontal and vertical sections, at a distance equal to the distance from
the side wall of the foundation pit, the seepage velocity of groundwater near the dynamic
water level is greater than that in the deep strata [51].

Based on the same analysis as above, the intervals of the flow velocity greater than
0.1875 mm/s, greater than 0.375 mm/s, greater than 0.5625 mm/s, and greater than
0.75 mm/s are extracted from the projected area in the x > 0 portion of the cross-section.
This reflects the effect of the precipitation depth on the seepage flow velocity. Additionally,
the maximum flow velocity within the foundation pit is extracted. The results are shown in
Table 5 and Figures 11 and 12.

Table 5. The effect of aquifer thickness on seepage flow velocity.

Aquifer
Thickness (m)

Projected Area (m2) Maximum Seepage
Flow Velocity (mm/s)>0.1875 mm/s >0.375 mm/s >0.5625 mm/s >0.75 mm/s

20 24.33 0 0 0 0.37
40 50.66 0 0 0 0.32
60 115.05 2 0 0 0.40
80 128.00 4 0 0 0.44
100 136.00 4 0 0 0.46
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Figure 10. Transverse section velocity distribution and seepage path at different aquifer thicknesses
(i.e., y = 105) (m/s).
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As shown in Figure 11, as the aquifer thickness increases, the projected area increases.
Without considering the depth of the water-stop curtain, when the aquifer thickness is less
than 7.5 times the precipitation depth, the projected area of the transverse section with a
seepage flow velocity greater than 0.1875 mm/s increases rapidly. When the aquifer thick-
ness is greater than 7.5 times the precipitation depth, the projected area of the transverse
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section with a seepage flow velocity greater than 0.1875 mm/s increases, but the rate of
increase decreases.
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As shown in Figure 12, when the aquifer thickness is between 20 and 40 m, the
maximum seepage velocity decreases with the increase in the aquifer thickness; Afterwards,
as the aquifer thickness increases, it continuously increases. Based on the geometric
dimensions, it can be seen that when the water flow width between the bottom of the water-
stop curtain and the top of the impermeable layer is less than four times the precipitation
depth, the maximum seepage flow velocity decreases with the increase in the aquifer
thickness. When the water flow width is greater than four times the depth reduction, the
aquifer thickness increases, and the maximum seepage flow velocity increases, but the
amplitude decreases.

3.2.3. Effect on Water Inflow

Under the condition of a suspended water-stop curtain, the variation pattern of the
water inflow of the foundation pit with respect to the aquifer thickness is as shown in
Figure 13 when the precipitation depth is 8 m. From the figure, it can be seen that the
relationship between the aquifer thickness and water inflow can be characterized by a
logistic function [51]. As the aquifer thickness increases, the water inflow increases, but
as the aquifer thickness further increases, the magnitude of the increase in water inflow
decreases. Under the conditions of determining the precipitation depth and permeability
coefficient, when the aquifer thickness increases from 10 times the depth reduction (80 m) to
12.5 times the depth reduction (100 m), the water inflow increases by 4.7%. The results show
that under the condition of a suspended water-stop curtain, when the aquifer thickness is
more than 10 times the precipitation depth, the continued increase in the aquifer thickness
still affects the size of the water inflow in the foundation pit, but the degree of influence
decreases. This is because a greater aquifer thickness is equivalent to a greater overwater
area. However, as the aquifer thickness increases, the degree of influence of the overwater
area on the water inflow becomes smaller [52]. Therefore, the water inflow increases with
the increase in the aquifer thickness; however, as the aquifer thickness further increases,
the magnitude of the increase in water inflow decreases.
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4. Model Validation

The dewatering wells for the foundation pit operation of Yangwan Station include
J1~J7 and J73~79, and the specific distribution is shown in Figure 14. The spacing between
the dewatering wells is 15 m, and the actual depth is about 30 m. The water pump is
lowered to a depth of 24 m, and the water level at the end of the foundation pit is stable
at around 105.9 m, which is 8.38 m lower than the initial groundwater level of 114.28. An
ultrasonic flow meter is used to monitor the water output of the operating dewatering well
and measure the water level inside the dewatering well.
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We bring the measured water volume from the dewatering well into the calculation
model for calculations and compare the measurement and calculation results of the water
level drop in the foundation pit and dewatering well. The comparison results are shown in
Table 6.

Table 6. Measurement and calculation results of water level drop in foundation pit ends and
dewatering wells.

Position

Measurement Value
Calculated Value of Water

Level Drop (m)Elevation (m) Water Level Drop
Value (m)

B8 112.50 1.78 1.53
J6 101.78 12.50 13.9
J9 112.38 1.90 2.01
J70 112.39 1.88 1.98
J72 109.45 4.83 5.08

West End Head 105.9 8.38 9.02
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Upon comparison of the calculated and measured results, it can be seen that the
calculated water level drop in the pit at the west end of Yangwan Station is 7.63% lower than
the measured value. The absolute error of the calculated water level drop in the dewatering
well ranges from 5.09% to 26.62%, and the average error of the water level drop in the pit
and dewatering well is 11.7%. This is mainly attributed to the non-uniformity of the strata
and the error of the dewatering well position, indicating that the calculation model can meet
the calculation and analysis needs. By studying the distribution characteristics of seepage
field in a water-rich ultra-thick sand and gravel layer under precipitation conditions,
the characteristics of its pore water pressure, flow direction, flow rate, and water inflow
are investigated. This provides a theoretical basis for the design and construction of pit
descending in similar projects.

5. Conclusions

The main conclusions drawn from the numerical simulation study regarding the
distribution characteristics of the precipitation seepage field in the water-rich ultra-thick
layer of sand and gravel are summarized as follows.

(1) Under the condition of the suspended water-stop curtain, the pore water pressure
on the outer side of the water-stop curtain is greater than that on the inner side of
the foundation pit. It increases linearly with an increase in the precipitation depth.
As the aquifer thickness increases, it increases. The pore water pressure distribution
characteristics deeply influence the dynamic water level curve.

(2) Under the condition of the suspended water-stop curtain, the maximum seepage flow
velocity occurs at the position where the curtain’s bottom leans towards the inner side
of the foundation pit. The maximum seepage flow velocity increases linearly with
an increase in the precipitation depth, and there is a threshold value for the aquifer
thickness, which is five times the precipitation depth.

(3) Under the condition of the suspended water-stop curtain, the relationship between
the precipitation depth and water inflow can be described by a linear or parabolic
function; the relationship between the aquifer thickness and water inflow can be
described by a logistic function.

(4) The calculation results are compared with the measured water level measurements.
The average error of the water level drop in the pit and precipitation well under
the suspended water-stop curtain condition is 11.7%, indicating that the established
numerical model can meet the calculation requirements.
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