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Abstract: The dewatering of foundation pits with a suspended waterproof curtain causes different
groundwater drawdowns inside and outside the pit, resulting in the drawdown difference between
the inside and outside the pit. Maintaining a groundwater drawdown difference between the inside
and outside of a foundation pit can eliminate the adverse effects of dewatering on the surrounding
environment. According to previous studies on unsteady flow, an analytical solution of the ground-
water drawdown with a suspended waterproof curtain under unsteady flow has been proposed. The
analytical solution of unsteady flow and the formula of groundwater drawdown difference with
a suspended waterproof curtain were validated by comparing pumping tests and finite-element
method (FEM), in which a good agreement was observed. The magnitude of the drawdown difference
generally represents the extent of surrounding groundwater affected by groundwater drawdown
inside the pit. This paper also investigated the effects of sensitivity parameters on the drawdown
difference for minimizing the effect of surrounding environment. During the process of dewatering
with a suspended waterproof curtain, the groundwater drawdown (Sh) should not exceed the length
of the waterproof curtain (L), and the optimal radius of foundation pit (Rw) and length of waterproof
curtain (L) were found, i.e., Rw/H0 = 0.781 and L/H0 = 0.813 (H0 is 32 m). Beyond these values, the
drawdown difference tends to be stable. The drawdown difference is also significantly affected by
the dewatering time. When t < 48 h, the groundwater drawdown difference decreases rapidly; when
t > 48 h, the groundwater drawdown difference stabilizes.

Keywords: foundation pit dewatering; suspended waterproof curtain; phreatic aquifer; analytical
method; drawdown difference

1. Introduction

With the fast urbanization in many countries, a large number of underground infras-
tructures are constructed in central areas of cities [1–5]. During the construction of these
underground infrastructures, foundation excavation is a complex process and requires
special attention. Engineers should not only pay attention to the safety of adjacent buildings
during excavation, but also need to appropriately pump out groundwater [6–9]. In recent
years, as the excavation becomes deeper, the number of accidents related to foundation
pit excavation is rising rapidly [10–12]. Particularly, it is reported that accidents caused by
groundwater account for around 60% of total accidents [13–16].

Excavation usually adopts the dewatering scheme which pumps groundwater inside
the foundation pit to work in dry conditions [17–20]. This process can improve the safety
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of the foundation pit and increase stability of the soil around it, preventing flowing stand,
piping effect and other related accident from happening. Foundation pit dewatering re-
lies on the system of pumping wells and the waterproof curtain, and pumping wells can
further be divided into two types: wells in the confined aquifer and wells in the phreatic
aquifer [21,22]. In the past decades, most of research focus on wells in the confined aquifer,
and mathematical models of a well in a confined aquifer were established based on the
assumptions [23,24]. Wells in the confined aquifer lower the piezometric head of the con-
fined aquifer to prevent water-inrush damage in the foundation pit [25–27]. On the other
hand, wells in the phreatic aquifer need to consider more conditions when establishing
mathematical models, which has always been a difficult problem [28,29]. Some scholars
equate the mathematical model of a well in the confined aquifer to the model of a well in
the phreatic aquifer [30,31]. However, the dewatering scheme is generally composed of
several wells, forming a huge drawdown curve centered on the foundation pit, and the
whole dewatering system is even more complex [32]. The dewatering scheme requires
one to pump a large amount of groundwater to maintain the groundwater drawdown
below the bottom of the pit with waterproof curtain [33]. At present, model tests about
pumping groundwater are used to carry out the process of dewatering and investigate
the mechanism of waterproof curtain, but these tests take more factors into consideration,
which is likely to cause inaccurate results and this makes it difficult to acquire quantitative
conclusions [34–36]. The finite-element method (FEM) has been used to simulate the dewa-
tering process in foundation pits with waterproof curtains, which is convenient to directly
simulate different dewatering conditions and to calculate groundwater drawdown [7,37,38].
However, this method cannot be directly applied for engineering design and construction.
To save groundwater resources and protect adjacent buildings, it is essential to reasonably
pump groundwater without affecting the surrounding environment [39–42]. Therefore, the
prediction of the groundwater level around the pit during dewatering is an urgent problem
to solve.

Particularly, in soils with thick phreatic aquifers, the groundwater is constantly
recharged into the foundation pit, so the foundation pit needs to pump more than the
expected amount of groundwater to maintain the groundwater level below the bottom of
the pit. Most of the scholars focus on numerical analysis and model tests, but few of them
investigate the mechanism of foundation pit dewatering from the analytical solution. In
this study, an analytical solution to unsteady flow around a foundation pit located in a thick
phreatic aquifer with the suspended waterproof curtain was derived by using Boltzmann
transformation, and the formula of groundwater drawdown difference between the inside
and outside of the pit was obtained. By investigating the sensitivity parameters on the
groundwater drawdown difference, the conclusions of drawdown difference induced by
dewatering inside the pit were used for providing a reference for the dewatering scheme
in the thicker phreatic aquifer, which eliminates the adverse effects of dewatering on the
surrounding environment.

2. Dewatering with a Waterproof Curtain

Dewatering is an important method to maintain the normal construction process in
water-rich strata. Foundation pit dewatering often includes pumping wells and a water-
proof curtain. The main function of the pumping wells is to maintain groundwater level
below the bottom of foundation pit, while the waterproof curtain is to increase the seepage
length and reduce or even prevent the inflow of groundwater into the foundation pit [43,44].
The waterproof curtain is divided into a closed waterproof curtain and suspended water-
proof curtain. As shown in Figure 1a, the closed waterproof curtain is inserted into an
impermeable layer to form a closed region. The application of the closed waterproof curtain
can effectively improve the dewatering efficiency of the foundation pit and prevent the
groundwater outside of the pit flowing into it. When the deep foundation pit is in a thicker
phreatic aquifer, the closed waterproof curtain will increase the length of the waterproof
curtain to cut off the hydraulic connection, which improves the reliability of construction.



Appl. Sci. 2022, 12, 10301 3 of 17

In Figure 1b, the suspended waterproof curtain is not inserted into the impermeable layer.
This type of curtain is used to weaken the influence of the seepage area by increasing
the seepage path of groundwater and reach the goal of lowering the groundwater level.
The main factors that affect the mechanism of the suspended waterproof curtain are the
groundwater drawdown, the length of the waterproof curtain, the dewatering time, the
permeability coefficient, etc. When the foundation pit is located in a thicker phreatic aquifer,
a suspended waterproof curtain is more economical than closed waterproof curtain. In
order to improve the dewatering efficiency, it is worthwhile to comprehensively investigate
the effect of the suspended waterproof curtain on the groundwater drawdown. Therefore,
this paper focuses on the variation of the drawdown difference induced by dewatering
with the suspended waterproof curtain.
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Figure 1. Schematic diagrams of foundation pit dewatering with waterproof curtain: (a) closed
waterproof curtain, (b) suspended waterproof curtain.

3. Calculation of Groundwater Drawdown Difference
3.1. Methods and Assumptions

The dewatering process inside a foundation pit with a suspended waterproof curtain
can be generally divided into two stages. In the first stage, the groundwater in the phreatic
aquifer flows into the foundation pit through the opening between the end of the curtain
and the impermeable layer. In the second stage, the groundwater flows upwards to the
bottom of the pit as shown in Figure 2.
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Figure 2. Diagram of foundation pit dewatering with a waterproof curtain and flow channels.

According to Groundwater Hydraulics [45,46], groundwater flows into the filtered
screen of partially penetrating wells during the process of pumping. During the dewatering
process, the deep foundation pit with a suspended waterproof curtain can be regarded
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as a partially penetrating well with a large diameter. Therefore, the dewatering process
of a foundation pit with the suspended waterproof curtain can be described with the
formula of a partially penetrating well with a large diameter, corresponding to the first
stage in dewatering.

In order to describe the dewatering process in a foundation pit with a suspended
waterproof curtain, an analytical solution to the unsteady flow model is established [30,31],
and the following assumptions are made: (1) The phreatic aquifer soil is homogeneous and
isotropic, and extends indefinitely with uniform thickness. (2) Vertical flow is negligible.
(3) The head within the well does not vary spatially. (4) The porous medium and fluid are
slightly compressible. (5) The groundwater seepage follows Darcy’s law. (6) The waterproof
curtain and bottom of phreatic aquifer are impermeable. (7) Ignore the fluctuation of
strata and the leakage from other aquifers. (8) The suspended waterproof curtain of the
foundation pit can be regarded as a partially penetrating well with a large diameter.

3.2. Modeling a Partially Penetrating Well

According to the above assumptions, the unsteady flow governing equation for a
large-diameter partially penetrating well can be obtained as

T
(

∂2S
∂r2 +

1
r

∂S
∂r

)
= S′

∂S
∂t

(1)

where a = T/S′, T is the transmissivity; S′ is the coefficient of storage.
The initial and boundary conditions are as follows

S(r, 0) = 0, (0 < r < ∞) (2)

S(∞, t) = 0, S(Rw, t) = Sw, (t > o) (3)

lim
r→Rw

(
lr

∂S
∂r

)
=

Q1

2πK
, (l > z > 0) (4)

where Rw is foundation pit radius; r is the distance from the waterproof curtain; Sw is
groundwater drawdown outside the waterproof curtain; Sh is groundwater drawdown
inside the foundation pit; S is groundwater drawdown at any location outside the pit; t
is pumping time; Q1 is water inflow; K is the permeability coefficient. l is the distance
between the bottom of the waterproof curtain and the impermeable layer.

The governing equation of groundwater to the unsteady flow can be transformed
into time and space problems by using Boltzmann transformation [47,48]. The Boltzmann
transformation reduces the equation for a contracting or expanding flow to the equation
in spatially homogeneous system. This Boltzmann transformation method has also been
applied in some studies on fully unconfined flow, and the partial differential equation
can be transformed into ordinary differential equations, which simplify the groundwater
flowing equation.

u =
r2

4at
(5)

Equation (6) can be obtained by substituting Equation (5) into Equation (1).

(1 + u)
dS
du

+ u
d2S
du2 = 0 (6)

In order to calculate Equation (6), the boundary conditions of the ordinary differential
equation can be obtained for a given time.

u0 =
rw

2

4at
(7)

S |u→∞= 0 (8)
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S |u→u0= Sw (9)

dS
du

= e−C1
e−u

u
= A

e−u

u
(10)

Equation (10) is calculated by integrals.

∫ ∞

u0

dS
du

du = 0− Sw = A
∫ ∞

u0

e−u

u
du = AW(u0) (11)

A = − Sw

W(u0)
(12)

∫ u

u0

dS
du

du = S− Sw = A
∫ u

u0

e−u

u
du = − Sw

W(u0)

∫ u

u0

e−u

u
du (13)

W(u) =
∫ ∞

u

e−u

u
du, W(u0) =

∫ ∞

u0

e−u

u
du (14)

where W(u) is the well function.
At any time, the groundwater drawdown at different locations is shown in Equation (15).

S = Sw −
Sw

W(u0)

∫ u

u0

e−u

u
du = Sw

W(u)
W(u0)

(15)

Based on Darcy’s law and Dupuit’s assumption, the slope of the groundwater draw-
down for a well is regarded as the hydraulic gradient. The multiplication of the slope and
the soil permeability coefficient is considered to be the flow rate. The multiplication of the
flow rate and the area of water passing a section of a partially penetrating well is the water
inflow. Therefore, the groundwater inflow Q1 of a partially penetrating well with a large
diameter can be obtained from Equation (16).

Q1 = 2Kπrl
∂S
∂r
|r→Rw= 4Kπl

Swe−u0

W(u0)
(16)

3.3. Modeling the Flow of Groundwater into the Foundation Pit

The seepage path satisfies the above assumptions, and water head at any location
within the foundation pit needs to satisfy the assumption of constant head. The length of
seepage path of groundwater flowing into the bottom of the foundation pit is calculated as

(h− l) + (Hw − l) = h + Hw − 2l (17)

where h is the groundwater level in the foundation pit, Hw is the groundwater level outside
the foundation pit, and l is the distance between the bottom of the waterproof curtain and
the aquitard layer.

The rate of groundwater flowing into the foundation pit can be re-written as

Q2 = kπR2
w

Hw − h
Hw + h− 2l

(18)

3.4. The Connection of the Groundwater Drawdown between Inside and Outside the Foundation pit

It is known that the flow rate of groundwater outside the pit is equal to that inside
the pit. In other words, Q1 from Equation (16) and Q2 from Equation (18) should have the
same value.

Therefore, the groundwater level in the foundation pit can be expressed as

h =
HW R2

wW(u0)− 4le−u0(Hw − 2l)(H0 − Hw)

R2
wW(u0) + 4le−u0(H0 − Hw)

(19)
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Then, the drawdown difference ∆ with a suspended waterproof curtain is

∆ = HW − h (20)

where H0 is the thickness of phreatic aquifer.
In this section, Boltzmann transformation is introduced to solve the problem on an

analytical solution to unsteady flow, and the calculation formula of the groundwater
inflow is obtained. According to law of conservation of mass, a formula for calculating the
difference between the groundwater level inside and outside the foundation pit is proposed.
This formula is related to time, length of the waterproof curtain, groundwater drawdown,
and other parameters, e.g., ∆ = 0 when t = 0 h, the application of Equation (19) calculates
that h = Hw. The foundation pit has not started to pump groundwater, and this results in
the groundwater being at the same water level, which is consistent with the condition of
foundation pit dewatering.

4. Model Validation
4.1. Project Information

The case used in this study is the station of Nanchang Metro Line NO.4 in Jiangxi
Province as shown in Figure 3. The open excavation method is used for the station. The
surrounding environment of the excavation is relatively complex; there are some buried
pipelines and adjacent buildings with a pile foundation around the station. This foundation
pit is 238 m in length and 22.7 m in width, and the excavation depth is 16.0 m. The
underground diaphragm wall and internal support system were adopted for this station.
The underground diaphragm wall is a reinforced concrete structure with a thickness of
800 mm. The internal support system consists of one reinforced concrete support and
two steel supports as shown in Figure 4. The elasticity modulus of the underground
diaphragm wall, the reinforced concrete support, and the steel support are 35 GPa, 30 GPa,
and 200 GPa, respectively.
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Figure 3. Nanchang Metro Line NO.4.

Nanchang has a subtropical monsoon climate with abundant rainfall and widespread
lakes and groundwater. The foundation pit is mainly affected by the phreatic aquifer, which
is located in silty clay 3©-1, fine sand 3©-2 and coarse sand 3©-4. Because sandy soil has the
large gravitational water release characteristic, excavation may cause landslides, sand flow
and other adverse phenomena if no measures are taken to decrease the moisture content of
the soil layer. Soil properties of the different layers are shown in Table 1.
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Table 1. Physical and mechanical parameters of soils.

Soil Stratum Soil Number Unit Weight
γ (kN/m3)

Cohesion
c (kPa)

Internal
Friction Angle

ϕ (◦)

Modulus of
Deformation

E0 (MPa)

Permeability
Coefficient

K (m/d)

Fill 1© 18.5 12 10 5.7 5
Silt clay 2©-2 18.0 6 2 7 0.003

Silty clay 3©-1 18.8 33 12 18 0.004
Fine sand 3©-2 19.6 2 28 23 15

Medium sand 3©-3 19.7 1 31 29 40
Coarse sand 3©-4 19.8 1 34 32 80

Gravelly sand 3©-5 20.0 1 36 33 100
Rounded gravel 3©-6 20.5 1 38 35 120
Weathered rock 5©-1–3 23.9 350 32 70 0.1

4.2. Pumping Test

One pumping well and two observation wells were used to conduct the single-well
pumping test of the partially penetrating well in the phreatic aquifer. The test parame-
ters are shown in Table 2. The test was divided into three stages, and the groundwater
drawdowns are 1.21 m, 2.65 m, and 3.93 m, respectively. The results of the pumping
test are shown in Table 3 and Figure 5. The groundwater drawdown in the observation
wells decreased with the groundwater drawdown in the pumping well. The maximum
groundwater drawdown was close to the pumping well, while the minimum value was
far away from the pumping well. With the increase of time, the groundwater level first
dropped sharply and then stabilized. The permeability coefficient in the phreatic aquifer is
calculated based on the test results using the following equation (the Industrial Standard
DL/T 5213-2005 of China, 2005) [49].

K =
0.732Q

(2H − s1 − s2)(s1 − s2)
lg

r2

r1
(21)

where r1 and r2 are the distances between the pumping well and the observation wells,
respectively; s1 and s2 are the groundwater drawdown of the observation wells.



Appl. Sci. 2022, 12, 10301 8 of 17

Table 2. Parameters of pumping test.

Name Value

Groundwater type Phreatic aquifer
Radius of pumping well 0.1 m
Length of pumping well 9.5 m

Pumping time 8 h
r1 5 m
r2 10 m

Table 3. Results of pumping test.

Test Stratum Groundwater Drawdown
Sw (m)

Water Inflow
Q (m3/d)

Calculated Value
K (m/d)

Coarse sand 3©-4
Gravelly sand

3©-5

1.21 176.8 52.4
2.65 360.3 62.1
3.93 471.4 57.8
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4.3. FEM Model Setup

Based on the finite-element method (FEM), the numerical models of the single-well
pumping test (model A in in Figure 6) and dewatering with a suspended waterproof curtain
(model B in Figure 7) were established. Both models have a dimension of 400 m in diameter
and 30 m in thickness, and the thickness of the aquifer is 26 m. The initial groundwater
level is 4 m below the ground surface, the radius of the pumping well is 0.1 m, the filter
length of pumping well is 9.5 m, pumping time is 4 h, and the permeability coefficient is
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57.8 m/d during the pumping test. The applied constitutive model of soil is the Hardening
Soil model with small-strain stiffness; the parameters of the constitutive model are shown
in Table 4. The radius of foundation pit is 10 m during dewatering with the suspended
waterproof curtain, and other parameters are shown as above. Key features of the two
models are summarized as follows:
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Table 4. The parameter of the constitutive model.

γunsat
(kN/m3) c’kPa ϕ’ (◦) Ψ (◦) E50

ref

(kN/m2)
Eoed

ref

(kN/m2)

18.0 7 30.7 0 25,000 25,000
Eur

ref

(kN/m2)
m ν Pref(kPa) Rf

G0
ref

(kN/m2)
75,000 0.7 0.2 100 0.9 150,000

Model A. The numerical model was established to simulate the single-well pumping
test. The model A activates the well structure to simulate the process of pumping at
groundwater drawdowns of 1.21 m, 2.65 m, and 3.93 m.

Model B. The groundwater drawdown needs to be lowered by 12 m when the founda-
tion pit is excavated. Therefore, the groundwater drawdown of model B lowers to −16 m.
The groundwater seepage process was simulated by activating the well structure, plate
structure and interface element.

4.3.1. Validation of Groundwater Drawdown

Groundwater drawdown at different locations during a pumping test from Equation
(15), the field measured data, and the FEM simulation (Model A) are compared in Figure 8.
It can be seen from Figure 8 that the groundwater drawdowns predicted by different
methods during the pumping test are in good agreement, and the influence areas of the
pumping test are also consistent. During the pumping test, the soil layer near the pumping
well is not homogeneous and may have different hydraulic or mechanical properties.
The analytical solution and the numerical model, however, assume the soil layer to be
homogeneous, which leads to larger groundwater drawdown than the measured data
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(Vilarrasa et al., 2011; Anwar, 2018). When the groundwater drawdown increases, the
difference among the measured values, the calculated values and the simulated values of
pumping test gradually narrows.
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When the pumping well is pumping groundwater, the nearby groundwater level is
seriously affected by the pumping well and rapidly decreases, and the drawdown curve
gradually stabilizes with the increase of distance. The influence areas of the pumping test
increase with the groundwater drawdown; the influence areas increase from 70 m to 100 m
when the groundwater drawdown increases from 1.21 m to 3.93 m.

4.3.2. Validation of Groundwater Drawdown Difference

With a groundwater drawdown of 12 m inside the pit, the groundwater drawdown
difference obtained from the analytical method and Model B are compared in Figure 9.
As shown in Figure 9, the distribution of groundwater drawdown outside the pit ac-
cording to Equations (15) and (19) are consistent with the simulated results with similar
influence areas.

The groundwater drawdowns outside the waterproof curtain from the analytical
method and the FEM simulation are −3.40 m and −3.78 m, respectively, corresponding
to drawdown differences of 8.60 m and 8.22 m. Such a small difference in the drawdown
difference between the analytical method and the simulation, i.e., 11.76%, verifies the
validness of the analytical method.
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5. Discussion on Sensitivity Parameters

The magnitude of the drawdown difference generally represents the extent of sur-
rounding groundwater affected by groundwater drawdown inside the pit. A large draw-
down difference means that the groundwater level outside the pit is lowered much slower
than that inside the pit during dewatering, which imposes a very slight effect on the
surrounding environment. On the other hand, when both the groundwater level inside
and outside the pit decreases quickly, the magnitude of groundwater drawdown differ-
ence is small, indicating significant water flow from the surrounding soils into the pit.
To investigate the effects of the groundwater drawdown inside the pit (Sh), the radius of
the foundation pit (Rw), and the length of the waterproof curtain (L) on the groundwater
drawdown difference, a series of sensitivity analyses were conducted using the proposed
analytical method. Note that these sensitivity parameters were made dimensionless for
simplicity, as shown in Table 5.

Table 5. Combination of the sensitivity parameters (H0 = 32 m).

Names Sh/H0 Rw/H0 L/H0

Effect of Sh (0.063–0.563) 0.313
0.844
0.688
0.531

Effect of Rw 0.375 (0.063–1.250)
0.844
0.688
0.531

Effect of L 0.375
0.313

(0.438–0.938)0.625
0.938

5.1. Effect of Sh

The effect of Sh on the drawdown difference is presented in Figure 10. When the
groundwater drawdown inside the pit ranges from 2 m to 18 m with an increment of 2 m
Sh/H0 ranges from 0.063 to 0.563. Since the groundwater outside the waterproof curtain can-
not be recharged to the foundation pit in time, the groundwater level outside the waterproof
curtain will be at a high level, and the drawdown difference will gradually increase.

When L/H0 decreases from 0.844 (Figure 10a) to 0.688 (Figure 10b), the seepage path of
groundwater is also decreased. As a result, groundwater outside the waterproof curtain
can quickly flow into the pit, and the drawdown difference gradually decreases. Figure 10a
shows that as Sh/H0 increases from 0.063 to 0.563, L/H0 = 0.844 causes the largest range
of groundwater difference, and ∆/H0 increases from 0.043 to 0.268 when t = 192 h, ∆/H0
increases by 0.225.
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As shown in Figure 10c, when the Sh/H0 exceeds L/H0, the groundwater difference
decreases, which can be explained by a change of dewatering patterns and water level
distribution according to Xu et al. (2014). When Sh/H0 > L/H0, the effect of the waterproof
curtain extending the seepage path becomes weaker, and it is not appropriate to adopt the
scheme of groundwater drawdown being greater than the length of the waterproof curtain.

5.2. Effect of Rw

To focus on the effect of Rw, the groundwater drawdown Sh/H0 and the thickness of
the aquifer H0 were set to 0.375 and 32 m, while other parameters were unchanged as
described above. As shown in Figure 10, the variation curve of drawdown difference is
obtained by the calculation formula with the radius of the pit. As the radius of the pit
increases from 2 m to 40 m, corresponding to an increase of Rw/H0 from 0.063 to 1.250, the
drawdown difference shows a decreasing trend. When Rw/H0 is in the range from 0.063
to 0.781, the drawdown difference decreases quickly with the increase of Rw/H0. When
Rw/H0 is larger than 0.781, the effect of radius of the foundation pit on the groundwater
drawdown outside the pit is very slight.

When L/H0 decreases from 0.844 (Figure 11a) to 0.531 (Figure 11c), the drawdown
difference gradually decreases. Figure 11a shows that as Rw/H0 increases from 0.063 to
1.250, L/H0 = 0.531 causes the largest range of drawdown difference, and as ∆/H0 decreases
from 0.357 to 0.029 when t = 192 h, the ∆/H0 decreases by 0.328. If the larger drawdown
difference is maintained, it is recommended to adopt the scheme of small radius of the
foundation pit.
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5.3. Effect of L

As the length of waterproof curtain increases from 14 m to 30 m, corresponding
to L/H0 ranging from 0.438 to 0.938, the drawdown difference first increases and then
stabilizes, which can be explained by the increase of the groundwater seepage path. When
L/H0 > 0.813, the drawdown difference tends to be stable, indicating the optimal length of
waterproof curtain to effectively maintain the drawdown difference.

When Rw/H0 increases from 0.313 (Figure 12a) to 0.938 (Figure 12c), the drawdown
difference decreases rapidly. Figure 12a shows that as L/H0 increases from 0.438 to 0.938,
Rw/H0 = 0.313 causes the largest range of difference, and as ∆/H0 increases from 0.113
to 0.227 when t = 192 h, ∆/H0 increases by 0.114. If the larger drawdown difference is
maintained, it is recommended to adopt the scheme of a larger length of waterproof curtain.
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5.4. Effect of t

The analytical method obtained from this paper was used to calculate the groundwater
drawdown difference induced by dewatering time under the unsteady flow, and the
dewatering times are 6 h, 12 h, 24 h, 48 h, 96 h, and 192 h, respectively. As shown in
Figure 13, it can be seen that the drawdown difference decreases with the increase of the
dewatering time. When the time increases from 6 h to 48 h, the drawdown difference
decreases rapidly. When the time exceeds 48 h or more, the drawdown difference decreases
slowly, and finally maintains a steady balance. When the time decreases from 6 h to 192 h,
the decrements of ∆/H0 are 0.122 (Sh/H0), 0.078 (L/H0) and 0.072 (Rw/H0), respectively, and
the groundwater drawdown inside the pit is most significantly affected by the dewatering
time. The length of the waterproof curtain and the radius of the foundation pit are weakly
affected by the dewatering time.

For foundation pit dewatering with a suspended waterproof curtain, the decrement
of ∆/H0 is larger when the dewatering time is within 48 h; the data of observation wells
inside and outside the foundation pit should be recorded in a timely manner to eliminate
adverse effects on the foundation pit and surrounding environment. The groundwater
drawdown difference of different dewatering times can be calculated by the analytical
method proposed from this paper, which provides a reference for foundation pit dewatering
in phreatic aquifers with a suspended waterproof curtain.
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6. Conclusions

This study obtained an analytical solution to unsteady flow with a suspended water-
proof curtain and calculated the drawdown difference at various conditions. By investigat-
ing the effects of key parameters, including the groundwater drawdown inside the pit, the
radius of the foundation pit, and the length of the waterproof curtain on the groundwater
drawdown difference, the following conclusions are drawn:

(1) The validity of the analytical method to predict the groundwater drawdown was
verified by pumping tests and FEM simulations, and the analytical method was also appli-
cable to the calculation of dewatering with suspended waterproof curtain. This relationship
between the groundwater drawdown inside and outside the pit was established, and a
good consistency was found between the analytical method and FEM simulations with an
error of 11.76%.

(2) ∆/H0 increases with the increase of Sh/H0, and the increment of ∆/H0 closes to
0.328. It is not suitable to adopt the scheme that the groundwater drawdown Sh exceeds
the length of waterproof curtain L.

(3) ∆/H0 decreases with the increase of Rw/H0. When Rw/H0 > 0.781, the decrease
speed becomes slower, and the scheme of decreasing of Rw/H0 can be adopted to maintain
the larger drawdown difference.

(4) The drawdown difference increases with the increase of the length of the waterproof
curtain. When L/H0 > 0.813, the difference tends to be stable, indicating the optimal length
of the waterproof curtain to effectively maintain the drawdown difference.

(5) When the dewatering time is within 48 h, the groundwater drawdown difference
decreases rapidly. When the time exceeds 48 h or more, the groundwater drawdown
difference stabilizes. The field measured data of foundation pit dewatering should be
recorded in a timely manner to eliminate adverse effects; the above conclusions provide
references for similar cases.
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