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Abstract: It is crucial to use a suitable dewatering technique to prevent land subsidence and substan-
tial decreases in groundwater levels caused by the dewatering of groundwater during the construction
of underground projects. Therefore, in this study, a generalized three-dimensional numerical model
of groundwater flow was implemented for an underground station pit project. The dewatering
efficiency of the coupled radial well-curtain method was investigated and compared with that of
a traditional method. In addition, the influence of different structures and parameters (radial pipe
diameter, conductance, number of radial pipes, and shaft drawdown) on the dewatering efficiency
was assessed. The results showed the following: (1) radial wells caused less disturbance to the
groundwater seepage field and extracted less groundwater during the dewatering process compared
with pumping wells; (2) the structure and parameters of the radial wells positively correlated with the
dewatering efficiency; (3) the curtain improved the dewatering efficiency, resulting in lower amounts
of groundwater discharged and less disturbance to the groundwater flow field; and (4) the coupled
radial well-curtain method is an efficient dewatering method that could effectively prevent the
lowering of groundwater level outside the foundation pit, thus reducing the risk of land subsidence
in the surrounding area.

Keywords: numerical simulation; foundation pit dewatering; groundwater; radial well; curtain

1. Introduction

Groundwater is a significant challenge to underground construction projects. During
the excavation of the foundation pit, a high groundwater level can increase the difficulty
of construction, compromise construction safety [1], and give rise to issues such as water
gushing from the pit, sand flow, and slope instability [2–4]. To ensure construction site
safety, the construction area should be dewatered prior to the construction of the foundation
pit, thus ensuring that the groundwater level is lowered below the working surface [5–8].

Foundation pit dewatering techniques are well-established. However, the degree of
efficiency and the environmental impacts of different dewatering methods vary significantly.
At present, the two main types of pit dewatering techniques commonly used are open
dewatering and well-point dewatering. While the open dewatering method is simple to and
has low construction costs, it causes more pronounced damage to the surface environment
and can lead to slope instability [9]. In contrast, the well-point dewatering method has
a larger pumping volume and generates a greater drawdown, but it is prone to land
subsidence in some areas [10]. In complex and fragile systems, foundation pit dewatering
can discharge large amounts of groundwater, resulting in a significant decrease in the
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groundwater levels and a change in the natural groundwater flow, thus leading to land
subsidence and even collapse and deformation [11–16]. Indeed, land subsidence may affect
surface drainage, reduce the storage capacity of aquifer systems, cause ground cracks and
damage to buildings, farmland, and infrastructure, as well as be costly to remediate [17].
The large volume of groundwater discharge can also affect the seepage field around the pit,
thus affecting the natural circulation of groundwater. Therefore, ensuring efficient, safe,
and cost-effective dewatering construction with minimal environmental impacts is an issue
that has been explored by experts and academics worldwide.

Common methods that are used to control the groundwater levels in foundation pit
dewatering are interception and well drainage [18]. The primary way to intercept water
is to build impermeable walls [19–21], deep mixing piles [22], jet grouting piles [23,24], or
curtains capable of partially or even completely blocking water. The curtain in the ground-
water seepage field can change the direction, path, and section of the groundwater flow,
thus changing the hydraulic gradient and preventing the horizontal flow of groundwater
around the foundation pit [25]. The use of water barrier curtains during foundation pit
dewatering can effectively prevent a significant decrease in the groundwater level in the
external areas of the pit, thereby reducing the risk of land subsidence to some extent [26].
Suspended water trap curtains have been used in many deep foundation pit dewatering
projects [27–30].

Indeed, interception and dewatering are often combined in practical engineering, which
improves efficiency and reduces disturbance to the surrounding environment [31,32]. Cur-
rently, most of the research on pit dewatering methods involves the coupling of pumping
wells and water barrier curtains [10,33]. For example, Wang et al. established a conceptual
model of curtain depth and pumping well filter in the context of Shanghai and investigated
the land subsidence under the interaction of pumping wells and curtains in a subway pit using
numerical simulation methods [11]. Xu et al. studied the distribution of groundwater level
and the dewatering effect of a curtain-well system with different parameters through a series
of indoor dewatering tests [34]. However, the traditional well-point dewatering method needs
to discharge a large amount of groundwater if the water level target is to be achieved, which
can greatly interfere with the groundwater environment and seepage field. Therefore, it is
essential to find a method that is efficient and less disturbing to the groundwater environment.
A radial well (i.e., radial collector well) is a type of well with a large-diameter water collection
shaft and several horizontal water collection pipes that extend radially in all directions that
is characterized by a high and rapid capacity to extract water [35]. Radial wells are now
widely used for agricultural irrigation, water extraction, and groundwater regulation. In
practice, radial wells have proven to be a more efficient way to extract water. In addition,
some researchers have also conducted studies on the drainage engineering of tailings dams
using radial wells [36].

Radial wells are currently widely used in agricultural irrigation and other fields.
However, research on their use for foundation pit dewatering remains scarce. In a few
studies that have used radial wells for foundation pit dewatering, the impact of different
parameters on dewatering efficiency has also been infrequently discussed. This study
aims to explore the aforementioned issues. In this study, an idealized three-dimensional
(3-D) numerical model of groundwater flow was established for a fictitious underground
station pit project based on the hydrogeological conditions of the primary urban area of
Xianyang. Using this model, the efficiencies of coupled radial well-curtain dewatering and
a traditional dewatering method (i.e., the well-point dewatering method) were assessed,
and the influence of different structures and parameters (radial pipe diameter, conductance,
number of radial pipes, and shaft drawdown) on dewatering efficiency were investigated.
Furthermore, the perturbation of groundwater seepage by radial wells for pit dewatering
was explored to provide a theoretical basis for similar future pit dewatering projects.
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2. Materials and Methods
2.1. Study Area

The study area is situated in the primary urban area of Xianyang City, located between
the primary and secondary terraces of the Wei River (Figure 1), in a temperate semi-arid
and semi-humid climate region. The mean annual precipitation and evapotranspiration in
the study area are 600–750 mm and 1000–1200 mm, respectively. The phreatic water level
ranges approximately between 10–30 m deep, while the existing foundation excavation in
the study area ranges from 5 to 30 m deep. The disturbance of the foundation drainage
process is limited to phreatic water.
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Figure 1. (a) Location of the study area and (b) contour map of water table. Made with Natural
Earth. Free vector and raster map data @ naturalearthdata.com. (Data from Shaanxi Hydrogeology
Engineering Geology and Environment Geology Survey Center).

The primary aquifers distributed in the study area are as follows: (1) the unconfined
aquifer in alluvial pore space, consisting of interbedded Middle to Late Quaternary alluvial
sand, gravel, silt, and clay, with some areas covered by thick layers of loess. The thickness of
the unconfined aquifer is greater in river floodplains and lower terraces, while it is thinner
in higher terraces. (2) The unconfined aquifer in loess pore and fracture space, mainly
distributed in the loess tableland region, consisting of Middle to Upper Quaternary eolian
loess and paleosols with a generally thick layer structure exceeding 50 m. (3) The confined
aquifer is composed of sand, gravel, and clay layers from rivers and lakes of the Lower
to Middle Pleistocene. The top of the shallow confined aquifer is mainly distributed at a
depth of 60–110 m, and the bottom is no deeper than 300 m. The unconfined aquifer in the
study area has good water-richness and hydraulic conductivity. The hydraulic conditions
of the groundwater flow field are shown in Table 1. Groundwater south of the Wei River
flows from the southern mountainous area, while the northern groundwater of the Wei
River recharges from the northern loess mountain ridge area.
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Table 1. Hydrogeological parameters of the study area. (Data from Shaanxi Hydrogeology Engineer-
ing Geology and Environment Geology Survey Center).

Landform Characteristics Hydraulic Conductivity
(m·d−1) Hydraulic Gradient

Alluvial Plain

River Floodplain 40–70

0.1–0.2%
First Terrace 17–60

Second Terrace 13–47
Third Terrace 4.7–16

Loess Tableland 0.1–2.8 0.5–0.15%

2.2. Conceptual Model

The study area was a hypothetical metro station in Xianyang city, for which a 3-D
hydrogeological model was established. The domain dimensions were determined by
taking the pit as the center and extending the boundary outward beyond the radius of
influence of the dewatering. The domain dimensions were X = 0–2200, Y = 0–2200, and
Z = 0–80 m, with a total surface area of 4.84 km2. Based on the groundwater flow field in
the study area, the eastern and western boundaries of the simulation area were parallel to
the groundwater flow lines and could be considered as zero-flux boundaries. Meanwhile,
the southern and northern boundaries were perpendicular to the groundwater flow lines
and could be considered as constant-head boundaries (Figure 2). The bottom and upper
boundaries of the simulation domain were considered as impermeable and phreatic surface
boundaries, respectively. The unconfined aquifer in the study area could be considered
homogeneous and anisotropic, while ignoring infiltration recharge and evaporation in
the study area. The vertical permeability coefficient was estimated to be one-tenth of the
horizontal permeability value based on the hydrogeological investigation data, which
corresponded to 20 and 2 m·d−1 for horizontal and vertical permeabilities, respectively.
The aquifer in the study area consists of alluvial sand and cobble layer, thus, the specific
yield was established at 0.3 without considering the elastic release of the aquifer.
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2.3. Mathematical Model

The mathematical model of three-dimensional transient flow in the study area is
described as follows:

Control equations:

∂

∂x

(
Kxx

∂H
∂x

)
+

∂

∂y

(
Kyy

∂H
∂y

)
+

∂

∂z

(
Kzz

∂H
∂z

)
= 0(x, y, z) ∈ Ω, t ≥ 0 (1)

Initial condition:
H(x, y, z, 0) = H0(x, y, z)(x, y, z) ∈ Ω (2)

Zero-flux boundary:

−K
∂H
∂n

∣∣∣∣
A2,A4,A5

= 0 t ≥ 0 (3)

Constant-head boundary:{
H(x, y, z, t)|A1

= H1

H(x, y, z, t)|A3
= H2

t ≥ 0 (4)

Phreatic surface boundary:H(x, y, z, t)|A6
= z

−K ∂H
∂z

∣∣∣
A6

= µ ∂H
∂t

t ≥ 0 (5)

where H is the water head (m); Kxx, Kyy, and Kzz are the hydraulic conductivity (m·d−1); µ
is the specific yield; x, y, and z are the coordinate variables (m); t is the time variable (d);
Ω is the range of the study area; A1 and A3 are the constant-head boundaries; A2 and A4
are the zero-flux boundaries; A5 is the impermeable boundary; A6 is the phreatic surface
boundary; n is the direction of the outer normal of each boundary, and H0 is the initial head
at the north and south boundaries (m).

There are generally multiple flow regimes in a radial well-aquifer system. The ground-
water flow pattern in the aquifer is typically characterized by a low Reynolds number
(Re < 1~10), which indicates laminar flow. The Reynolds number of the water flow is
generally higher in radial wells where the hydraulic radius is higher. Thus, the water flow
in these wells is generally turbulent. The flow in the aquifer is represented by seepage
flow, while that in the radial well pipes is represented by tubular flow. The exchange flow
between the radial pipes and the aquifer is used as the coupling point to establish a coupled
seepage-tubular flow model [37].

The flow rate in the radial pipes was calculated using Equation (6) [38]:

Qp =


πd2

4
d2g
32v

∆H
l laminar f low

πd2

4
2gd

0.316

(
d
v

)0.25( 1
ϑ

)
∆H

l smoothtu rbulent f low

πd2

4 8gd
(

log103.71 d
e

)2 1
ϑ

∆H
l rough turbulent f low

(6)

where Qp is the flow rate of the radial well (m3·d−1); d is the diameter of the radial pipes
(m); g is the acceleration of gravity (m·s−2); ∆H is the head loss (m); v is the average flow
rate in the pipes (m·d−1); l is the length of the radial pipes (m); ϑ is the kinematic viscosity
of water (m2·s−1), and e is the coarseness degree of the inner wall of the pipes.

The exchange between the radial pipes and the aquifer is shown in Equation (7):

Qe = C
(

Hp − H
)

(7)



Water 2023, 15, 1839 6 of 21

where Qe is the exchange flow rate between the aquifer and pipes (m3·d−1); C is the
conductance of pipes (m2·d−1), and Hp is the head of pipe flow (m).

The conductance of the pipes could be calculated by Equation (8):

C =
KpDl
Mp

(8)

where Kp is the permeability coefficient of the pipe filter (m·d−1); Mp is the thickness of the
pipe filter (m); D is the wet perimeter of the pipe (m), and l is the length of the pipe (m).

At any node, the sum of groundwater inflow and outflow is always zero. Then the
relationship between aquifer and radial pipe flow rate is as shown in Equation (9):

ni

∑
j=1

Qpi,j + Qe = 0 (9)

where i is the number of nodes connected to node j; ni is the total number of nodes
connected to node j, and Qpi,j is the total flow rate from node i to node j. This method can
be used to calculate the coupled “seepage—tubular flow” model.

2.4. Numerical Model

In this study, the numerical groundwater flow calculation software MODFLOW, de-
veloped by the USGS, was used to simulate and predict the state of groundwater flow
during the construction of the foundation pit. The aquifer in the simulation area was a
Quaternary alluvial porous unconfined aquifer, consisting of interbedded middle to late
Pleistocene alluvial sands, gravels, and silt–clay. The thickness of the aquifer in the simula-
tion area was 80 m. To simplify the model, the aquifer was considered as a homogeneous,
anisotropic, and uniformly thick medium. The general conditions of the pit drainage works
were described by assuming that the aquifer was homogeneous and of equal thickness.
The discretization of the grid cell profile of the aquifer was as follows: in the horizontal
direction, a model with 2.2 km on all four sides was divided into 220 rows and 220 columns,
with a cell spacing of 10 m, and the model was then divided vertically into 18 unequally
spaced layers (Figure 3). The first and second layers of the model were 10 and 5 m thick,
respectively, while layers 3–18 were of equal thickness of 4 m, assuming the model’s top
elevation was 80 m and the bottom elevation was 0 m. The entire model consisted of a total
of 871,200 cells. In addition, the foundation pit was placed at the center of the discretized
model area, with dimensions of 100 × 100 × 18 m.

The Well package and Horizontal Flow Barrier package in MODFLOW were used to
represent the pumping wells and curtains, respectively. Pumping and radial wells were
placed around the pit to dewater the pit. The bottom elevation of the foundation pit in
the model was 62 m, which is 10 m below the phreatic water surface. The dewatering
process for 365 days was simulated using a transient flow model, and the simulation was
considered to have achieved the objective of dewatering the foundation pit when the water
level in the foundation pit reached 0.5 m below the foundation pit bottom. In other words,
the water level in the foundation pit was controlled to decrease below 61.5 m.

The radial pipes were discretized into a series of nodes based on the discretized profile.
Their planar and vertical positions were first determined based on the actual position of
each node, and they were then connected in a certain order to simulate the actual radial
pipes [39]. The key to coupling is the exchange flow between the radial well and the aquifer.
The vertical shaft was described as a head boundary. Using this extension, the seepage
in the aquifer and the tubular flow in the radial well can be well coupled. As a result, a
coupled seepage-tubular flow model was used to implement a numerical model of radial
wells, using the Conduit Flow Process (CFP) module in MODFLOW to simulate radial
wells [40].
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In the model, the groundwater was assumed to flow from north to south. In addition,
the phreatic water in the area was considered to be present at a depth of 8–10 m, with
a hydraulic gradient of approximately 0.1%. The model used typical hydraulic and strati-
graphic parameters rather than those of a specific project for its calculations, which can
be changed at a later stage to simulate a specific area or project. Therefore, no actual fit
correction to the model is required.

2.5. Scheme Design

Four foundation pit dewatering schemes were designed in this study, namely:
Scheme A: Pumping wells were placed around the foundation pit (Figure 4a), and the

dewatering efficiency was investigated by adjusting the number of pumping wells and the
volume of water pumped from a single well. As an example, 24 pumping wells were placed
around the foundation pit, with 6 wells evenly distributed on each side of the pit from
the center. The pumping rate of each well was uniformly adjusted, and the time required
to achieve the target water level and the affected area of the groundwater seepage field
were calculated. Scheme B: The shafts of radial wells were placed around the perimeter of
the foundation pit, while radial pipes were placed under the bottom of the pit (Figure 4b),
through which the water in the pit was drained into a shaft and pumped out. The effect
of the radial wells on the dewatering efficiency of the foundation pits was investigated
by varying the structure and parameters of the radial wells. The settings with different
numbers of radial pipes can be seen in Figure 5. Scheme C and D: Based on scenarios A and
B, impermeable curtains were added outside the pumping well or shafts of radial wells
(see Figure 4c,d) to investigate the effect of impermeable curtains on drainage. Typically,
the depth of the impermeable curtain should be at least 10 m below the bottom of the
foundation pit, and the curtain should extend 35 m downward from the ground surface.
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The different scenarios were calculated using MODFLOW-2005. The model parameters
and spatial discretization were set according to the settings in Sections 2.2 and 2.4.

2.6. Principles of Scheme Preference

Xianyang City is located in the arid and semi-arid region of northwest China, where
the total amount of water resources is insufficient, and groundwater resources are par-
ticularly important [41]. To avoid the waste of resources, groundwater discharge should
be minimized during pit dewatering. Excessive discharge of the groundwater is likely
to cause land subsidence [42,43]. Therefore, the decrease in groundwater level in the sur-
rounding area caused by dewatering should be controlled during the process of foundation
pit dewatering to reduce the disturbance to groundwater seepage field. In addition, a
shorter dewatering time can speed up the project progress and reduce the disturbance
of the groundwater environment by construction. In this study, different foundation pit
dewatering methods were utilized. Several schemes were first designed using the control
variable method and then compared based on the following principles of preference: (1) The
scheme with the shortest dewatering time when the target water level (61.5 m) was reached
was considered to be the best scheme. (2) The scheme with the lowest total groundwater
discharge when the target level was reached was considered to be the best scheme. (3) The
scheme with the lowest spatial seepage field disturbance around the foundation pit when
the target water level was reached was considered to be the best scheme.

3. Results and Discussion
3.1. Pumping Well

The results of the relationship between the pumping rate of a single well and the
dewatering time (Figure 6a) showed that for a constant pumping rate, increasing the
number of pumping wells deployed resulted in a shorter dewatering time and higher
efficiency. In addition, an increase in the number of pumping wells in the same area and a
reduction in the spacing between pumping well placements could result in a superimposed
radius of influence, thus increasing the area and depth of the cone of depression and
enabling more efficient pit dewatering. Alternatively, with a fixed number of pumping
wells, increasing the volume of water pumped from a single well resulted in a shorter
dewatering time and higher efficiency until a certain value of the volume of water pumped,
at which the dewatering time became constant at a minimum value.
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The area of groundwater flow field disturbed by foundation pit dewatering positively
correlated with the total volume of dewatering (Figure 7). A larger total volume of pumping
resulted in the disturbance of a larger area of groundwater flow field by the dewatering
and a greater degree of disturbance. Figure 6 shows that when the number of pumping
wells was constant, the higher the single-well pumping rate, the shorter the time required
to reach the target water level. This led to a smaller total pumping volume and a reduction
in disturbance to the groundwater flow field. For example, when the number of pumping
wells was 36, increasing the single well pumping rate from 1000 to 1500 m3·d−1 resulted
in a reduction in pumping time from 87.5 to 21.5 days and a decrease in total pumping
volume from 31.5 × 105 to 11.61 × 105 m3. As shown in Figure 7, correspondingly, the
disturbed area of the flow field decreased from 33.45 × 105 to 9.04 × 105 m2, indicating
that a smaller total pumping volume resulted in less disturbance to the flow field.
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Figure 7. Area of groundwater flow field disturbance by dewatering of the foundation pits (Area
with a drawdown depth greater than 1 m).

No significant change was observed in the dewatering pattern of the pumping wells
when the curtain was considered. Figure 6b shows that the time required for dewatering
gradually decreased with an increase in both the pumping rate of a single well and the
number of wells. Once the pumping rate of a single well reached a certain level, the
influence of increasing the number of wells on the dewatering time became minimal. From
Figure 7, it can be observed that the area of disturbance in the groundwater flow field
decreased as the total pumping rate increased in the presence of a curtain. Increasing
the pumping rate of a single well means increasing the drawdown near the pumping
well. Pumping out more groundwater locally per unit time could more quickly lower
the groundwater level to the target level, leading to less disturbance time and a smaller
disturbance area in the groundwater flow field. However, there was no significant impact
of increasing the number of pumping wells and the volume of water pumped on the
dewatering efficiency when the total volume flow of water discharged was close to the
recharge of the aquifer flux.

To determine the duration of drainage to reach the target water level, the total amount
of pumping and the area of disturbance to the groundwater flow field were examined.
Based on the results in Figure 6, the time required to reach the target water level changed
very little when the pumping rate of a single well exceeded 1700 m3·d−1. When the number
of pumping wells was 36 and the total pumping rate was 8.87 × 105 m3, Figure 7 shows
that the disturbed area of the flow field was 6.74 × 105 m2. It can be seen that, when
36 wells were deployed and the pumping capacity of a single well was 1700 m3·d−1, the
time to reach the target water level was relatively quick; there was a lower total amount
of pumping, and there was less disturbance to the groundwater flow field. Continuing
to increase the number of wells would increase the construction cost, and there would be
no significant improvement in dewatering efficiency. Thus, the solution of 36 wells with
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a single-well pumping capacity of 1700 m3·d−1 was considered to be the preferred scheme.
The disturbance of the seepage field in and near the foundation pit was analyzed using
this scenario (Figure 8). Using pumping wells (Figure 8a,c), the water level in the pit was
rapidly decreased to below the bottom depth of the pit, owing to the radius of influence
of each pumping well being superimposed on the others around the pit, while the head
distribution in the pit was relatively uniform. After the dewatering, the drawdown was
highest in the vicinity of the pumping well, followed by that observed in the foundation pit,
while the cone of depression was centered in the pit and decreased uniformly outwards in
a sub-circular shape. Within a 100 m radius of the foundation pit, the water table dropped
to a depth of more than 4 m. In addition, this scenario disturbed the seepage field to a
greater extent.
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Figure 8. Local water level variation: (a) Plan view of pumping wells only; (b) Plan view of curtain
and pumping wells; (c) Cross-sectional view of pumping wells only; (d) Cross-sectional view of
curtain and pumping wells. (The line segments A-A′ and B-B′ represent the positions of the profiles
of the two schemes respectively).
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The curtain prevented the exchange of groundwater between the two sides of the
curtain. Without a curtain and at a constant pumping rate, a large proportion of the
groundwater pumped was derived from the recharge of the aquifer at the periphery of the
foundation pit, resulting in a low level of groundwater change within the pit. In contrast, in
the presence of a curtain and with the same pumping rate, most of the water pumped was
derived from within the curtain since the external recharge from the aquifer was insufficient.
Owing to the radius of influence and drawdown of the pumping wells in the foundation
pit, the water level in the pit decreased more rapidly, indicating a high improvement
in the dewatering efficiency. The scheme with the presence of the curtain required less
time to reach the target water level owing to the small amount of groundwater pumped.
Additionally, the influence of pumping was primarily observed within and around the
curtain, while the curtain reduced the disturbance to the groundwater flow field.

3.2. Radial Well
3.2.1. Diameter of the Radial Pipes

The results indicated a gradual decrease in the time required to reach the target water
level (61.5 m), the total volume of water pumped, and the area of the seepage field affected,
with an increase in the diameter of the radial pipes from 0.1 to 0.3 m (0.1, 0.12, 0.14, 0.16,
0.18, 0.2, 0.25, and 0.3 m) and with the other parameters constant. It is apparent in Figure 9a
that increasing the pipe diameter to approximately 0.14 m resulted in a decrease in the time
required to reach the target water level and the total volume of water pumped. It then
stabilized as the pipe diameter continued to increase. Additionally, the results showed a
lower inflow efficiency of the radial pipe when the radial pipe had a small diameter, with a
lower inflow rate and a smaller area of influence on the dewatering. Increasing the diameter
of the radial pipe could improve the efficiency of the radial pipe inflow and increase the
area of influence per unit length of radial pipe and the volume of water pumped per unit
time. This would lead to an increase in the area and degree of disturbance of the seepage
field by the radial pipe per unit time and a significant reduction in the time required to
reach the target water level and the total volume of groundwater pumped. However, when
the amount of groundwater pumped per unit time was close to the dynamic recharge limit
of the aquifer, increasing the diameter further did not enhance the inflow of water to the
radial pipe.

As shown in Figure 9b, the area of influence of the foundation pit dewatering on the
seepage field decreased with an increase in pipe diameter. Indeed, no increase in the area
of influence of the dewatering was observed when the pipe diameter exceeded 0.14 m. The
area of disturbance in the seepage field was related to the total volume of water pumped.
The results revealed a decrease in the total volume of groundwater and disturbance as the
diameter of the radial pipe increased.

With the presence of a curtain (Figure 9), increasing the diameter of the radial pipes
resulted in a similar trend of variation in dewatering time and total pumping volume by
first decreasing gradually and then remaining stable. The general pattern of variation was
consistent with that of the no-curtain scheme. Due to the presence of the curtain, most
of the water pumped out was derived from the groundwater inside the curtain, with a
small amount of water from outside the curtain. This resulted in a significantly reduced
area of disturbance of the seepage field outside the curtain caused by the foundation pit
dewatering (Figure 9b).
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3.2.2. Conductance of the Radial Pipes

The results showed a decrease in the time required to reach the target water level and
the total amount of water pumped with an increase in conductance of the radial pipes (5, 8,
10, 12, 15, 20, 25, and 30 m·d−1). The area of disturbance in the seepage field caused by the
dewatering decreased due to the reduction in total volume of water pumped (Figure 10).
The results showed an increase in the efficiency of the radial pipes and the spatial influence
of dewatering as a result of the increased conductance of the radial pipes. Moreover, the
water level in the foundation pit changed rapidly, resulting in a decrease in the water level
to the target value in a relatively short time. Indeed, the efficiency of the radial pipes can be
improved significantly when the conductance is equal to the aquifer hydraulic conductivity
(20 m·d−1). In other words, the inflow of the radial pipes could be close to the amount of
water flow in the aquifer. Therefore, increasing the conductance of the radial pipes may not
significantly enhance the efficiency of the dewatering.

The trend in dewatering efficiency for the radial well-curtain coupling was found to
be similar to that of the single radial well. However, the total volume of water pumped and
the area of disturbance to the seepage field decreased as the conductance of the radial pipes
increased. Thus, using the curtain may improve the dewatering efficiency. A relatively
small amount of groundwater was stored in the aquifer inside the curtain. As a result, the
effect of radial well conductance changes on the dewatering process could become less
significant when the total amount of water pumped per unit time equaled the recharge
amount from outside to inside the curtain.
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3.2.3. Number of Radial Pipes

To compare the effect of the number of radial pipes on the dewatering efficiency of
the radial wells, the way in which the radial pipes are laid out needs to be considered, as
shown in Figure 5.

The radial pipes were arranged in layouts according to their number: 8, 12, 16, and 20
(Figure 5). The results showed a reduction in the time taken to reach the target water level
and the total amount of groundwater pumped as the number and total length of radial
pipes increased (Figure 11a). Indeed, no change in the total volume of water pumped and
the area of influence on the seepage field was observed when there were 12 pipes or more.
With an increase in the effective length of the pipe inflow, more water was pumped per
unit time from the radial wells. Consequently, less time was required to reach the target
water level, a smaller total amount of water was pumped, and there was less disturbance
to the seepage field (Figure 11b). However, there was no significant effect of increasing the
number of pipes on the improvement of the dewatering efficiency when the water flow
that entered the radial pipes was close to the discharge limit of the aquifer. In the presence
of the curtain, increasing the number of radial pipes resulted in a similar trend in the total
dewatering volume and time required as in the no-curtain scenario, but with a smaller area
of groundwater seepage field disturbance.
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3.2.4. Drawdown of the Shaft

Apart from the structure and parameters of the radial well, the drawdown of the shaft
is also a crucial factor that affects the efficiency of the foundation pit dewatering. The
results showed an increase in the drawdown of the shaft with decreasing dewatering time
and total water pumped. In addition, no effect of shaft drawdown on dewatering efficiency
was observed above a certain drawdown value (Figure 12a). As the shaft drawdown
increased, an increase in the amount of water pumped and significant variation in the
groundwater level were observed, resulting in the rapid achievement of the target level.
Moreover, the results revealed a reduction in the total pumping volume and the area
of perturbation to the seepage field as the recharge from the external aquifer in the pit
decreased (Figure 12b). However, no significant improvement in dewatering efficiency was
observed at shaft drawdown values above 14 m.

The total amount of discharged groundwater and the disturbed area of groundwater
seepage field decreased as the diameter of the radial pipes increased. However, the decrease
was slow after the pipe diameter reached 0.14 m. The same trend was observed for the
conductance, the number of radial pipes, and the shaft drawdown. However, when the
radial pipe conductance reached 15 m·d−1, the number of radial pipes reached 12, and
the shaft drawdown reached 14 m, there was no apparent improvement in dewatering
efficiency by continuing to change the parameters. Therefore, an optimal scheme was
selected with a radial pipe conductance of 15 m·d−1, a pipe diameter of 0.14 m, a radial
pipe number of 12, and a shaft drawdown of 14 m. The variation in the seepage field in
this scheme was analyzed, as shown in the water level variation diagram (Figure 13a). The
use of radial wells for dewatering created a sub-circular cone of depression that extended
from the center of the foundation pit uniformly in all directions. However, the radial well
scheme provided a more suitable level of water control than the pumping well scheme.
The seepage field disturbance from dewatering was primarily concentrated at the bottom
of the pit and near the radial pipe, decreasing with an increasing distance from the bottom.
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Alternatively, the curtain resulted in a significant drop depth of the shaft in a short time
compared with that of the no-curtain scheme (Figure 12).
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Due to the water barrier effect of the curtain, the cone of depression did not extend
outwards and was approximately box-shaped, with a large head difference between the
inside and outside of the curtain. The results showed a significant difference in the cone
of depression between dewatering with and without curtain conditions. The curtain
prevented the exchange of groundwater outside the curtain at different depths, resulting in
rapid changes in groundwater levels inside the curtain. Although the flow field outside
was also disturbed to some extent, the area and magnitude of the effect were insignificant.
The coupled radial well-curtain method resulted in shorter dewatering times, less total
water pumping, and less disturbance to the seepage field than the other schemes.

3.3. Optimal Dewatering Scheme

After analyzing the results of this study, the optimal pumping well dewatering solution
(36 wells with a single well pumping rate of 1700 m3·d−1) and the optimal radial well
dewatering solution (radial pipe conductance of 15 m·d−1, pipe diameter of 0.14 m, number
of radial pipes of 12, and drawdown of shaft of 14 m) were selected for comparison.

Radial wells always require less time than pumping wells, with or without the curtain,
to achieve the foundation pit dewatering goals (Figure 14). The amount of groundwater
pumped from the radial wells and the area of the seepage field were considerably lower
than those observed using the pumping wells.
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In each of the four schemes, the head values of 121 calculation units were counted
(Figure 15). These included 484 calculation units in total at the bottom of the pit after
reaching the target. The pumping well scheme exhibited a greater difference in the level
of water at the bottom of the pit compared with the radial well scheme. Moreover, the
distribution of water levels in the pumping well was not concentrated, and the overall
head needed to be decreased to a lower level to achieve the dewatering requirements. In
the radial well scenario, there was less of a difference in the head at the bottom of the pit
after reaching the target water level. In the absence of curtains, the head distribution at
the bottom of the pit was uneven, and there were outliers. Thus, a very high discharge is
required to reach the target level. In contrast, the water level observed at the bottom of the
pit was more concentrated under the curtain effect, suggesting a high dewatering efficiency.
Therefore, the radial well-curtain coupling method was likely to be more efficient.
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3.4. Land Subsidence

Similarly to the overexploitation of groundwater, foundation pit dewatering often
leads to varying degrees of land subsidence in the surrounding area. According to the
effective theoretical stress principle of the Terzaghi foundation, the primary cause of
land subsidence is an excess in pore water pressure dissipation. Indeed, foundation pit
dewatering could promote the dissipation of pore water pressure, thus increasing the
effective stress on the soil and enhancing soil consolidation and deformation, resulting in
land subsidence in the surrounding ground [44]. The foundation pit could be recharged
from groundwater or lateral runoff, causing a decrease in the level of groundwater outside
the pit and consequent land subsidence. However, the subsidence is often non-uniform
and could cause deformation or even cracking and collapse of the surrounding buildings,
posing a significant threat to the safety of the surrounding constructed environment. In
addition to being more efficient in the dewatering of the foundation pit, the radial well-
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curtain coupling method is also effective in preventing the decrease in groundwater level
outside the pit. As shown in Figure 13b, the coupled radial well-curtain method resulted in
a groundwater variation in the area outside the curtain of 3 m, which was lower than that
obtained using the pumped well-curtain method. Indeed, less variation in the groundwater
level implies less probability of land subsidence, which reduces the risk of land subsidence
and ensures the safety of underground and surface buildings.

4. Conclusions

1. In dewatering schemes that used pumping wells where the total volume of water
pumped per unit of time was less than the recharge amount of the aquifer, there were
significant impacts on the efficiency of dewatering by varying the number of pumping
wells and the volume of water pumped per well. The number of pumping wells and
the amount of water pumped from a single well positively correlated with dewatering
efficiency. However, this scheme significantly disturbed the seepage field, resulting in a
drawdown of more than 4 m within 100 m beyond the foundation pit.

2. In the case of the radial well scheme, the structure and parameters of the radial
wells (radial pipe diameter, conductance, number of radial pipes, and shaft drawdown)
positively correlated with pumping efficiency and negatively correlated with disturbance
of the seepage field. Moreover, no significant change in the dewatering efficiency was
observed when the total amount of water discharged per unit of time was equal to the
recharge rate from the aquifer. The disturbance to the seepage field from the radial well
scheme was primarily observed at the bottom of the pit and near the radial pipe and was
less likely to disturb the seepage field in more distant areas compared with the pumping
well scheme.

3. The dewatering schemes with the curtain were significantly more efficient than
those without the curtain. Indeed, the curtain reduced the amount of groundwater pumped
and caused less disturbance to the groundwater seepage field. After dewatering, the
decline in groundwater level primarily occurred within the curtain. Moreover, a large well
head difference between the inside and outside of the curtain was observed, preventing a
significant decrease in groundwater levels outside the curtain.

4. In this study, the radial well-curtain coupling (radial pipe conductance of 15 m·d−1,
pipe diameter of 0.14 m, number of radial pipes of 12, and drawdown of shaft of 14 m)
was the most suitable scheme. The coupled radial well-curtain method was found to be
an efficient dewatering method that effectively prevented the lowering of the ground-
water level in the area outside the pit, thus reducing the risk of land subsidence in the
surrounding area.
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