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Abstract: The partial penetrating waterproof curtain combined with pumping wells is widely applied
to deep foundation pit dewatering engineering. The filter tube of the pumping well plays a critical
role on the environment effect that resulted from foundation pit dewatering. This paper investigated
the impact of the filter tube on the groundwater drawdown outside the pit to provide a theoretical
basis for the foundation pit dewatering design. Three patterns according to the relative position of
the waterproof curtain and the filter tube, which are called wall-well patterns, namely the full-closed
pattern, part-closed pattern, and none-closed pattern, have been analyzed. By taking a practice
engineering case in Shanghai as an example, the relationship among the proportion of the filter
tube length to the dewatering aquifer thickness, the buried depth difference of the wall-well, and
the groundwater drawdown difference at both sides of the waterproof curtain are discussed by
numerical simulation. The full-closed pattern is the optimal wall-well pattern on the ideal condition.
The suggested and optimal values of the filter tube length to the dewatering aquifer thickness are
38.7% and 58.2%. The suggested and optimal values of the buried depth difference of the wall-well
are −6.41 m and −1.92 m.

Keywords: filter tube; pumping well; groundwater drawdown; waterproof curtain; deep foundation
pit dewatering

1. Introduction

The groundwater basin of Shanghai is a typical multi-aquifer-aquitard system (MAAS)
with a phreatic aquifer (Aq01), a low-pressure artesian aquifer (Aq02), and five confined
aquifers (AqI–AqV) separated by six aquitards (AdI–AdVI) from the top to the bottom [1–6].
Groundwater control is essential for the foundation pit construction in Shanghai to avoid
the risk of pit bottom gushing and flowing sand that resulted from the confined aquifer rich
of groundwater [7–11]. Foundation pit dewatering with the combination of a waterproof
curtain and pumping wells (wall-well) is generally used to ensure the stability of the foun-
dation pit bottom [12–15]. Theoretically, the use of a full-penetrating waterproof curtain
can block the groundwater connection between the inside and outside of the foundation pit,
which can effectively reduce the groundwater drawdown and ground settlement outside
the pit [16–19]. However, compared with a fully cut-off waterproof curtain, the partial pen-
etrating waterproof curtain is adopted widely during the construction of the foundation pit
due to the constraints of construction technology, cost, or the surrounding environment [20].
The partial penetrating waterproof curtain results in the larger groundwater drawdown
and ground settlement outside the foundation pit comparing with the full-penetrating
waterproof curtain [17,21,22]. Many researchers have considered the combined effect of
a penetrating waterproof curtain and pumping wells (labeled as the wall-well effect) on
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the surrounding environment in the foundation pit dewatering during the shallow-middle
underground space development [23–25].

During the development of shallow-middle underground space in Shanghai, the
confined aquifer layers related to the foundation pit construction mainly include Aq02
and AqI [26]. In recent years, the scale and depth of underground space utilization is
increasing in Shanghai with the urbanization, and the excavation depth of the foundation
pit has reached 30–50 m and even 60 m [27,28]. With the deepening of the foundation pit
excavation, some ultra-deep foundation pits have been involved in deep confined aquifers
including AqII and even AqIII [29]. AqII of Shanghai is generally buried at 60–70 m in
depth with a thickness of 20–30 m [30,31]. There is a hydraulic connection between AqII
and the underlain AqIII in some scattered areas, thus forming an aquifer with a thickness of
over 50 m, of which the groundwater is rich and the permeability coefficient is large. Since
the characteristics of AqII and AqIII are different from those of Aq02 and AqI, the feasibility
of the existing research results of the wall-well effect on the surrounding environment,
which are obtained during the shallow-middle underground space development, should be
further verified on the deep foundation pit. Moreover, the existing research has paid much
attention to the impact on the buried depth of the waterproof curtain. However, simply
increasing the buried depth of the waterproof curtain is not easy to achieve in the deep
foundation pit [32]. The pumping well also plays an important role in the evaluation of the
wall-well effect [33]. The length and the buried position of the filter tube of the pumping
well, which are the key issues in the design of the pumping well, will affect the seepage
path of groundwater directly. There are few studies on the design of the filter tube in AqII,
and only little research mentioned that the shorter filter tube has a better alleviating impact
of the environmental effect outside the deep foundation pit, but the result should be further
verified by more engineering cases [34].

The aim of this paper is to integrate the theoretical basis for the design of a filter tube
in foundation pit dewatering and give suggestions for the wall-well setting in engineering
practice, especially in deep aquifers of Shanghai. The impact of the filter tube of the
pumping well on the groundwater drawdown outside the pit is investigated by a numerical
simulation model. An ultra-deep foundation pit that involved deep aquifers in Shanghai is
taken as an example. Firstly, the project background description is introduced. Secondly,
the numerical model is established and modified by a pumping test. Then, the impact of
the position and length of the filter tube on the groundwater drawdown difference between
outside and inside the pit are analyzed, respectively. Finally, suggested and optimal values
for the design of a filter tube in a deep foundation pit dewatering project are proposed.

2. Project Background Description
2.1. Project Overview

Figure 1 shows the plan view of foundation pit. The foundation pit is similar to
rectangular, of which the length ranges from 71.8 to 75.3 m and the width is 22 m. The pit
is divided into two areas, namely the north part with an excavation depth (De) of 36.92 m
(negative value means below ground surface) and the south part with a De of 39.80 m. The
pit has two rings of waterproof curtains with an interval of about 6.5 m. A diaphragm wall
with a thickness of 1.2 m and a buried depth (Diw) of 83 m is set as the inner waterproof
curtain (labeled as the inner-wall) and a cement soil mixing wall with a buried depth (Dow)
of 60.3 m is set as the outer waterproof curtain (labeled as the outer-wall).

2.2. Engineering Geological and Hydrogeological Conditions

The soil layers in the project site are divided into 13 layers from the top to the bottom
according to the geologic origin, soil structure, and characteristics, including artificial soils
(labeled as 11), silty clay (2), mucky clay with clayey silt (3), mucky clay (4), clay (51), silty
clay (53), silty clay (54), clay (6), sandy silt (71), silty fine sand (72), silty clay with silt sand
(821), silty fine sand (9), and silty fine sand (11). The soil profile and properties of soil layers
are presented in Figure 2.
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The hydrogeology within the influenced depth of the foundation excavation includes a
phreatic aquifer (Aq01), a low-pressure artesian aquifer (Aq02), and three confined aquifers
(AqI–AqIII). Aq01 is contained in soil layers 11, 2, and 3, which is affected by rainfall,
surface water, and tidal fluctuation. The groundwater level of Aq01 is −0.5 to −1.0 m
(negative value indicates below the ground surface). The confined water mainly affects the
excavation of the foundation pit, including Aq02, AqI, and AqII. The information of each
confined aquifer is described in detail as follows:

(1) Aq02: The groundwater level is −0.50 to −3.80 m, which is contained in the soil
layers 51, 53, and 54. The measured water inflow rate of a single well is about 1.2 m3/h,
and the Kh and Kv are 8.99 × 10−4 m/d and 4.96 × 10−4 m/d, respectively.

(2) AqI: The groundwater level is −1.40 to −2.64 m, which is contained in soil layers
71 and 72. The measured water inflow rate of a single well is about 7.9 m3/h, and the Kh
and Kv are 3.97 × 10−2 m/d and 0.59 × 10−2 m/d, respectively.

(3) AqII: The groundwater level is −4.78 to −7.04 m, which is contained in soil layer 9.
The measured water inflow rate of a single well is about 212–500 m3/h, and the Kh and Kv
are 79.49 m/d and 9.50 m/d, respectively.

(4) AqIII: This layer is contained in soil layer 11 and connected with AqII directly, the
groundwater level is the same as AqII. The measured water inflow rate of a single well is
273–480 m3/h, the Kh and Kv are 48.38 m/d and 6.48 m/d, respectively.

2.3. Field Pumping Test

The bottom of the foundation pit is located in layer 71. In view of the deep and thick
aquifer resulting from the hydraulic connection between AqII and AqIII, the dewatering
measures with a partial penetrating waterproof curtain are adopted. The toe of the inner-
wall is inserted into layer 9. For the stability of the deep foundation pit bottom, the
groundwater drawdown of the confined aquifer underlain the pit is determined by the
traditional pressure balance method [16]. In this case, the drawdown of the groundwater
level of AqII should be 7.38 m before excavation of the foundation pit.

A pumping test is conducted to ensure the construction safety and evaluate the
dewatering effect on the environment. For the dewatering design scheme of the pumping
test in layer 9, there are three pumping wells (P1 to P3) and one observation well (OB1)
inside the pit, as shown in Figure 1. The profile of all the wells is shown in Figure 3. Table
1 presents the schedule of the pumping test. The total pumping test time is 31 h, and P3
stops pumping for 6 h in the middle of the test.
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Table 1. Schedule of the pumping test.

Pumping Well Observation Well Pumping Time t (d) Discharge Rate Q (m3/h)

P1
OB1

0–1.30 240
P2 0–1.30 266
P3 0–0.50, 0.75–1.30 160

3. Numerical Simulations
3.1. Mathematical Model and Software Introduction

In order to analyze the environmental effect outside the pit of AqII dewatering, the
finite different method simulation method combined with the three-dimensional ground-
water seepage model was applied [36–39]. The three-dimensional groundwater seepage
mathematical model is:

∂
∂x

(
Kxx

∂H
∂x

)
+ ∂

∂y

(
Kyy

∂H
∂y

)
+ ∂

∂z

(
Kzz

∂H
∂z

)
− q = Ss

∂H
∂t (x, y, z)

H = H1(x, y, z, t) (x, y, z) ∈ Γ1
H = H2(x, y, z, t) (x, y, z) ∈ Γ2
∂H
∂n = Kxx

∂H
∂x

∂F
∂x + Kyy

∂H
∂y

∂F
∂y + Kzz

∂H
∂z

∂F
∂z = 0 (x, y, z) ∈ Γ3

H(x, y, z, t)|t=t0
= H0(x, y, z) (x, y, z) ∈ Ω

(1)

where Kxx, Kyy, and Kzz are the hydraulic conductivities along the x, y, and z directions
(m/d); H is the water head; H1 is the constant water level on Γ1 (the first boundary at
the bottom of the pit); H2 is the constant water level on Γ2 (the first boundary on the side
of the calculated domain far from the pit); Γ3 is the second boundary at the bottom of
the calculated domain; q is the external source and sink flux (1/day); Ss is the specific
storage (1/m); t is time (day); Ω is the calculated domain; n is the normal direction of
the bottom of the calculated domain; and F is the surface equation of the bottom of the
calculated domain.

The three-dimensional groundwater seepage model by the application of “Geoflow
3D” software is established in this study. The software can be used to simulate groundwater
seepage including the water reservoir, water level, and water flow direction. This software
has been widely applied for some foundation pit dewatering projects such as in Shanghai
and Ningbo city [40–42]. Of course, there are some constrains in this study. The soil
parameters kept steady with time, and the horizontal anisotropy of soils was not considered
in the simulation process. The procedure of this software is shown in Figure 4.
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3.2. Numerical Model

Since the influence radius of the pumping test is calculated as 1500 m [35], the length
and width of the numerical model are all set as 2500 m, and the depth is −108.5 m, which
is equal to the buried depth at the bottom of AqIII. Figure 5 shows the three-dimensional
model domain and grid mesh. The mesh size is (4–5) m × 5 m inside of the foundation pit
and gradually expands to about 200 m × 200 m at the boundary. The number of nodes and
elements in each plane is 1192 and 1242, respectively. Figure 6 shows the local expanded
grid plane in the foundation pit. In the vertical direction, eight strata are set according to
the actual hydrogeological conditions, in which the initial groundwater levels of AqI, AqII,
and AqIII are −1.45 m, −5.42 m, and −5.64 m, respectively. The four lateral boundaries
are set to fixed hydraulic head boundaries equal to the initial groundwater level, and the
bottom boundary is set to the confining boundary. The total number of numerical model
nodes and elements are 34,568 and 34,776, respectively. The positions of the pumping wells
and the observation wells are set as shown in Figure 6.
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3.3. Model Verification

Table 2 tabulates the inversed parameters in the numerical model. Figure 7 presents the
comparison between measured and simulated groundwater drawdown of the observation
well OB1 inside the pit under the pumping test. Due to the large volume of groundwater
in layer 9 and the rapid supplement of groundwater outside the pit, the groundwater
drawdown of OB1 inside the pit can meet the safety requirement of the pit bottom when
P1, P2, and P3 are simultaneously pumping. The maximum groundwater drawdown of
observation well OB1 is 7.36 m at 1.30 d, and the simulated data indicate 7.25 m, of which
the deviation is only 1.4%. The result verifies that the simulation result is consistent with
the measured data.

Table 2. Parameters used in the numerical model.

No. Hydrogeological Strata Thickness (m) γ (kN/m3) e Kh (m/d) Kv (m/d) SS (1/m)

1 Aq01 9.60 19.00 0.651 4.32 × 10−3 7.20 × 10−4 1.00 × 10−4

2 AdI 7.80 17.40 0.548 2.61 × 10−4 1.30 × 10−4 1.75 × 10−4

3 Aq02 9.00 17.70 0.474 3.10 × 10−1 1.50 × 10−1 9.59 × 10−5

4 AdII 2.50 19.40 0.605 1.70 × 10−2 1.10 × 10−3 5.47 × 10−4

5 AqI 28.70 18.30 0.489 5.00 6.00 × 10−1 6.38 × 10−5

6 AdII 18.40 19.10 0.594 6.00 × 10−1 4.00 × 10−2 4.50 × 10−4

7 AqII 24.00 18.70 0.405 9.50 × 101 9.00 2.00 × 10−5

8 AqIII 8.80 19.10 0.470 5.50 × 101 7.00 3.00 × 10−5

Diaphragm wall 1.00 × 10−10 1.00 × 10−10 1.00 × 10−9
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Figure 7. Comparison of measured and simulated groundwater drawdown of the observation well OB1.

4. Discussion
4.1. Wall-Well Patterns of the Dewatering Inside the Foundation Pit

Figure 8 shows the wall-well patterns of the dewatering inside the foundation pit. The
relative position of the wall-well is described by Rp, which means the difference between
the buried depth of the bottom of the filter tube (Db) and that of the waterproof curtain (Dw).
There are three wall-well patterns according to Rp via considering the seepage path during
dewatering, namely the full-closed pattern (Pattern-I), part-closed pattern (Pattern-II), and
none-closed pattern (Pattern-III). The three wall-well patterns are introduced as follows:
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(1) Pattern-I: As shown in Figure 8a, the whole filter tube is located above the bottom
of the waterproof curtain, indicating Rp ≤ 0. Under the action of the head difference
between the outside and inside pit, the groundwater outside the pit flows over the bottom
of the waterproof curtain and then into the filter tube. The groundwater seepage path of
Pattern-I is the longest of the three patterns.

(2) Pattern-II: As shown in Figure 8b, part of the filter tube is located below the bottom
of the waterproof curtain, indicating 0 < Rp < L. Part of the groundwater outside the pit
flows into the filter tube along the toe of the waterproof curtain. The other part flows into
the filter tube over the waterproof curtain, which is similar with Pattern-I. The seepage
path of part-closed pattern is shorter than that in the full-closed pattern.

(3) Pattern-III: As shown in Figure 8c, the whole filter tube is located below the bottom
of the waterproof curtain, indicating Rp ≥ L. Groundwater flows into the filter tube along
the toe of the waterproof curtain. The seepage path of Pattern-III is the shortest of the
three patterns.

4.2. Simulation Cases and Results Considering Wall-Well Patterns

For the convenience to discuss the impact of wall-well patterns on the groundwater
drawdown, Diw is changed to a constant value of 92 m in the subsequent numerical
simulation. Since the pumping wells and observation wells of the pumping test are only
concentrated in the south part of the pit, the dewatering effect of the north pit is not
investigated yet. Therefore, two pumping wells for numerical simulation (P4 and P5) are
added to the north part, as shown in Figure 6. G11, G12, G21, and G22, which are also
shown in Figure 6, are added as observation wells for the groundwater level.

The filter tube of the pumping wells is designed in two conditions as follows: (1) Condition
I: this condition changes Rp. The L of all the pumping wells (P1 to P5) is constant as 4 m,
and Rp varies from −12 to 8 m with an increment of 2 m.; (2) Condition II: this condition
changes L. The top of the filter tube is set to the top surface of AqII, which means Dt is
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equal to 76 m, and L varies from 4 to 24 m with an increment of 2 m. Rl equal to L divided
by the thickness of the dewatering aquifer M is used to evaluate the incompleteness of the
pumping wells. The corresponding Rl changes from 16.7% to 100% in this condition. There
are 11 calculation cases in each condition, which are listed in Table 3.

Table 3. Simulated cases considering different Rp and L values.

Condition I (L = 4 m) Condition II (Dt = 76 m)

Pattern Calculation
Case

Rp
(m)

Dt
(m)

Db
(m) Pattern Calculation

Case
L

(m)
Rl

(%)
Rp
(m)

Db
(m)

I

I−1 −12 76 80

I

II−1 4 16.7 −12 80
I−2 −10 78 82 II−2 6 25.0 −10 82
I−3 −8 80 84 II−3 8 33.3 −8 84
I−4 −6 82 86 II−4 10 41.7 −6 86
I−5 −4 84 88 II−5 12 50.0 −4 88
I−6 −2 86 90 II−6 14 58.3 −2 90
I−7 0 88 92 II−7 16 66.7 0 92

II I−8 2 90 94

II

II−8 18 75.0 2 94

III
I−9 4 92 96 II−9 20 83.3 4 96

I−10 6 94 98 II−10 22 91.7 6 98
I−11 8 96 100 II−11 24 100 8 100

Figure 9 shows the numerical results of partial calculation cases. Under the condition
of constant groundwater drawdown inside the pit, the environmental effect of foundation
pit dewatering is obviously different when the design parameters regarding the filter tube
of the pumping well changed. For Condition I, the groundwater drawdown outside the pit
increases with the increase of Rp. The maximum groundwater drawdown outside the pit
increased from 2.23 m when Rp is −12 m to 6.40 m when Rp is 8 m. For Condition II, the
groundwater drawdown outside the pit increases with the increase of Rl. The maximum
groundwater drawdown outside the pit increased from 2.14 m when Rl is 16.7% to 2.98 m
when Rl is 100%.
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Figure 10 shows the groundwater drawdown on both sides of the waterproof curtain.
G11 and G12, G21, and G22 are two groups of observation points for the groundwater
level on both sides of the waterproof curtain, the former of which is inside the pit with a
distance to the waterproof curtain of 4 m, and the latter is outside the pit with a distance to
the waterproof curtain of 5 m. With the increase of Rp and Rl, the groundwater drawdown
of G11, G21 inside and G21, G22 outside the pit both shows an increasing trend. It should
be noted that the variations of groundwater drawdown inside the pit are small, while
those outside the pit are large. Especially the variations of groundwater drawdown outside
the pit in Condition I are much larger than those in Condition II. So, the impact on the
groundwater drawdown by Rp is greater than that by Rl.
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Figure 10. Groundwater drawdown on two sides of the waterproof curtain in different calculation cases: (a) Condition I;
(b) Condition II.

Under the action of groundwater drawdown difference between inside and outside
the pit, groundwater flows over the curtain to the filter tube of the pumping well. On
the condition of a constant value M and Dw, the seepage area and seepage path mainly
vary with the design of the pumping well [45], including Rp and Rl. So, the groundwater
drawdown difference between G11 (G21) and G12 (G22) (labeled as ∆h) is applied for
further analysis on the impact of Rp and Rl on the change of groundwater level.

4.3. Impact of the Position of Filter Tube

Figure 11 shows the relationship between ∆h and Rp in Condition I. In general, ∆h
first increases and then decreases with the increase of Rp, but the change rate of ∆h presents
a major difference. According to the wall-well patterns shown in Figure 8, the Rp−∆h plot
can be divided into three parts as follows: (1) Pattern-I (−12 m <Rp ≤ 0 m): the whole filter
tube is located above the bottom of the waterproof curtain at this part, ∆h increases first
and then decreases with the increase of Rp. At this stage, ∆h reaches the maximum value
when Rp is about −2 m; (2) Pattern-II (0 m < Rp < 4 m): a partial filter tube is located below
the bottom of the waterproof curtain at this part. ∆h keeps decreasing with the increase
of Rp. Since Db > Dw, the groundwater seepage path from outside the pit to the filter tube
becomes shorter than Pattern-I, leading to the supplement of groundwater outside the
pit to inside the pit accelerating; (3) Pattern-III (4 m ≤ Rp < 8 m): the whole filter tube is
located below the bottom of the waterproof curtain at this part. ∆h keeps decreasing with
the increase of Rp and drops to the minimum value gradually. Since the waterproof curtain
cannot act as a barrier effectively [46], the supplement of groundwater outside the pit to
inside the pit is the strongest compared with Pattern-I and Pattern-II.
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The impact on ∆h in Pattern-III is the greatest of the three patterns. Just considering
the value of ∆h, Pattern-III is not suggested for adoption in field engineering, because
Pattern-I and Pattern-II could both meet the requirements of groundwater drawdown, as
shown in Figure 11. Under the requirement of a certain value of ∆h, Rp in Pattern-II is
much larger than that in Pattern-I. Therefore, Pattern-I is better than Pattern-II just by the
economic consideration.
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Figure 11. Relationship between Rp and ∆h.

The curve of Pattern-I can be fitted by a Gaussian function. The maximum and
minimum points of the second derivative of the fitted function are defined as the suggested
value and the optimal value of Rp in Pattern-I respectively. When Rp is larger than the
suggested value, the increment rate of ∆h increases quickly. When Rp is equal to the optimal
value, the maximum ∆h can be obtained. As shown in Figure 11, the suggested and the
optimal value of Rp are −6.41 m and −1.92 m for Pattern-I. In the process of engineering,
the suggested value or the optimal value of Rp can be obtained from numerical simulation.
Although increasing Dw can also relieve the environmental effect, the optimal design on
the pumping wells is more reasonable and economical than increasing Dw to reduce the
environmental effects in the construction of a deep foundation pit.

4.4. Impact of the Length of Filter Tube

Figure 12 shows the relationship between Rl and ∆h in Condition II. In general, ∆h first
increases and then decreases with the increase of Rl. According to the wall-well patterns in
Figure 8, the Rl−∆h plot can be divided into two parts: (1) Pattern-I (16.7% ≤ Rl < 66.7%):
∆h increases slowly and then decreases at this part, in which ∆h reaches the maximum
value when Rl is around 58.0%; (2) Pattern-II (66.7% ≤ Rl ≤ 100%): ∆h keeps decreasing
with the increase of Rl and drops to the minimum gradually. The wall-well effect turns
to Pattern-II, and the curve in this part can be fitted by the HyperbolaGen function. With
the increase of Rl, the seepage path of groundwater from the outside is shorter, while ∆h
decreases to the minimum gradually.

The curve in Pattern-I can be fitted by the Gaussian function. The maximum and
minimum points of the second derivative of the fitted function are defined as the suggested
value and the optimal value. The increment rate of ∆h becomes fast when Rl exceeds the
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suggested value. When Rl is equal to the optimal value, the maximum ∆h can be obtained.
The suggested and optimal values of Rl are 38.7% and 58.2%, respectively.

The position and length of the filter tube is controlled by factors such as the permeabil-
ity coefficient of the aquifer, groundwater replenishment conditions, design requirements
for groundwater drawdown, and environmental conditions around the foundation pit. Wu
et al. indicated that the dewatering efficiency is controlled by the three-dimensional flow
in the pumping well and the depth of the retaining structure [12]. On the ideal assumption
of the numerical model in this study, Pattern-I is superior to Pattern-II. However, for deep
aquifers such as AqII, the permeability coefficient and the thickness may be inhomoge-
neous, which is different from the assumptions of the numerical model in this study. In
practice, the waterproof curtain may not reach the ideal burial depth, and Pattern-II can
also be considered in field engineering. Of course, the value of Db should avoid being
much more than Dw, which means Rp should be limited.
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Figure 12. Relationship between Rl and ∆h.

5. Conclusions

This paper investigated the impact on the groundwater drawdown outside the pit by
the filter tube of the pumping well. By taking an ultra-deep foundation pit in Shanghai as
an engineering case, the relationship among the parameters related to the position of the
wall-well (Rp), the length of the filter tube (Rl), and the groundwater drawdown difference
at both sides of the waterproof curtain (∆h) are discussed by numerical simulation. The
conclusions drawn from this study are as follows:

(1) Three wall-well patterns are divided according to the relative position of the wall-
well: full-closed pattern (Pattern-I), part-closed pattern (Pattern-II) and none-closed pattern
(Pattern-III).

(2) The groundwater drawdown outside the pit increases with the increase of Rp and
Rl, and the influence of Rp is larger than Rl.

(3) The Rp−∆h curve shows a trend of a single-peak curve, which can be divided into
three parts according to the wall-well patterns. ∆h reaches the maximum value in the part
of Pattern-I. The Rp−∆h curve in Pattern-I can be fitted by the Gaussian function. The
suggested and optimal values of Rp are −6.41 m and −1.92 m, respectively, according to
the characteristics of the Gaussian function.
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(4) The Rl−∆h curve shows a trend of a single-peak curve, which can be divided into
two parts according to the wall-well patterns. ∆h reaches the maximum value in the part
of Pattern-I. The Rl−∆h curve in Pattern-I can be fitted by the Gaussian function. The
suggested and optimal values of Rl are 38.7% and 58.2%, respectively.

(5) Pattern-III is not suggested in the field engineering because of its shortest seepage
path within the three patterns. Pattern-II may be applied considering the complexity of
actual deep foundation construction. Pattern-I is an optimal wall-well pattern on the ideal
condition. The values of Rp and Rl should be between the suggested value and optimal
value when Pattern-I is applied.
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