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Abstract: At present, jet-grouted horizontal waterproof curtain reinforcement has become an es-
sential method for deep foundation pit groundwater control. However, there is still a lack of an
effective theoretical calculation method for horizontal waterproof curtain reinforcement, and there is
little research on the seepage laws of foundation pits under different horizontal waterproof curtain
conditions. Based on Darcy’s seepage theory, theoretical analysis models of deep foundation pit seep-
age were established considering the effect of a horizontal curtain in a highly permeable formation.
Through the established models, the calculation method of the water inflow and the water pressure
under the condition of a horizontal curtain was derived. Then through indoor tests, the reliability of
the theoretical calculation method was verified. Furthermore, the established theoretical calculation
method is used to analyze the influence of various factors on the water inflow and the water pressure,
such as the ratio of hydraulic conductivity of the horizontal curtain to surrounding soil, thickness,
and reinforcement position of the horizontal curtain. It is found that the hydraulic conductivity ratio
has the most significant influence on the seepage characteristics of the foundation pit. Finally, the
design method was applied to an example of the horizontal waterproof curtain of the foundation
pit, which is located at Juyuanzhou Station in Fuzhou (China). The water inflow per unit area is
0.36 m3/d in the foundation pit, and this implies that the design method of the horizontal waterproof
curtain applied for the excavation case is good and meets the requirements of design and safety.

Keywords: foundation pit; horizontal waterproof curtain; seepage characteristics; theoretical modeling;
inflow prediction; highly permeable strata

1. Introduction

As the global urbanization process continues to expand, it has brought about problems
such as shortage of urban land and traffic congestion. In order to solve these issues, the con-
struction of urban underground space has been recognized as the most effective way. Deep
excavations are an important part of underground space construction, which is usually a
high-risk construction project because of great difficulty and danger during excavation.
There are extremely thick Quaternary sediments with abundant groundwater resources and
high water levels in the eastern coastal areas of China [1], such as Shanghai [2], Tianjin [3,4],
and Fuzhou [5,6]. In the above environments, deep foundation excavations which lack
effective groundwater control measures may result in potential geohazards and accidents
such as quicksand or piping [7-9]. Thus, groundwater around a pit must be controlled by
reasonable methods.

In order to address above issues, dewatering, as an auxiliary construction measure,
provides dry and stable conditions for excavations, allows to increase the stability of the
soil, and ensures workers’ safety. There are many methods for dewatering in construction,
such as sump pumping, a well point system, constructing deep wells, the educator system,
waterproof curtain, etc. [10-13]. Among them, the waterproof curtain can not only be used
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as a retaining structure to ensure the stability of the foundation pit but also as a barrier to
prevent groundwater seepage [14-16]. In engineering practice, the curtain and pumping
wells are usually applied together to achieve a good dewatering effect in order to adapt to
the increasing deep foundation pit construction [17-19].

At present, there are three main types of waterproof curtains: the full penetrating
curtain [20], the partial penetrating curtain [21] and the horizontal waterproof curtain.
Generally, the full penetrating curtain has the best dewatering effect as it cuts off the
water inside and outside the pit. However, when encountering thick aquifers, this method
requires the construction of a long curtain, which means that the construction quality
will be difficult to meet the requirements and it will cost a lot [22]. However, the partial
penetrating curtains have the advantages of low cost and convenient construction, thence
it is used widely [23,24]. At the same time, the partial penetrating curtain was widely
investigated by many scholars. For example, Wang proposed an optimized depth of the
partial penetrating curtain, and achieved good results [25]. However, using the partial
penetrating curtains alone in high-permeability soils is far from reaching the dewatering
requirements. Therefore, the horizontal waterproof curtain was added to cut off the
groundwater together [26], and this is a good treatment method in deep and strong
permeable strata. Based on this situation, considering the “instability failure” and the
“seepage failure”, a simplified approach to design the waterproof bottom curtain was
proposed and applied to the actual project [27]. Moreover, the cost-effective design of jet
grouted water-sealing bottom curtains was presented [28]. However, none of the above
studies has carried out a detailed study on the seepage characteristics of groundwater with
the horizontal curtain.

Throughout the above research results, at present, the horizontal waterproof curtain
reinforcement technology used for the pit bottom with high permeability is considered rela-
tively mature. However, there is still a lack of an effective theoretical calculation method for
the design of the horizontal water-sealing curtains, and there are few relevant studies on the
seepage laws of the foundation pit under different horizontal sealing curtain reinforcement
conditions. This research aims to analyze the seepage characters in a foundation pit by
considering the horizontal waterproof curtain. Firstly, the seepage models of horizontal
curtain foundation pit under different conditions is established through theoretical meth-
ods. Then, a series of indoor tests were adopted, whereby during the tests, different ratios
of hydraulic conductivities of horizontal curtain to soils, thickness and positions of the
horizontal waterproof curtain were employed. The various parameters of the horizontal
curtain were then discussed based on the theoretical methods. Finally, an engineering
example was used to illustrate the practicality of the calculation method.

2. Phreatic Water Conditions
2.1. Uniform Soils
2.1.1. Model

As shown in Figure 1, a mechanical analysis model of the horizontal waterproof
curtain used for a deep excavation is established. The width of the foundation pit is w,
the thickness of the curtain is /5, the distance from the top of the horizontal curtain to the
bottom of the foundation pit is I3, and the distance from the bottom of the horizontal curtain
to the bottom of the diaphragm wall is /. The hydraulic conductivity of the horizontal
curtain is kp, and that of soil layer is k;. The initial head height outside the diaphragm
wall is iy, and the seepage path from the bottom of the diaphragm wall to the initial water
level is L. The water head height at the bottom of the curtain is /11, and that at the top is hj.
Assuming that the water level in the foundation pit drops to the bottom of the foundation
pit and the head is 0, the head height /i3 at the bottom of the foundation pit is 0. In the
calculation, the size perpendicular to the picture is taken as the unit length.
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Figure 1. The schematic diagram for seepage calculation of horizontal waterproof curtain of founda-
tion pit under the action of phreatic in homogeneous strata. (w the width of the pit; h water head height;
Ilength of the seepage path; L the length of the seepage path outside the pit; k hydraulic conductivity).

2.1.2. Assumption

Cao conducted an on-site pumping test on a subway foundation pit with a horizontal
curtain in Fuzhou (China) [27]. The length and width of the excavation in the reference is
200 m and 19.7 m, respectively. And the thickness of the curtain is 5 m. Other details of the
parameters can be obtained from the abovementioned reference. The results showed that
the water level inside the pit dropped by about 8 m, while the water level outside the pit
did not change more than 0.2 m. Based on this, it is assumed that the groundwater located
outside the pit is level and stable during the pumping process.

Generally, water inflow in the pit is huge when dewatering without the horizontal wa-
terproof curtain in highly permeable strata. However, the field test in Fuzhou showed that
after setting the horizontal curtain, the water inflow of the foundation pit was significantly
reduced, and the water seepage per unit area was only 0.15 m3/d. The above example
proved that the seepage flow in the foundation pit with horizontal curtains is steady, and
the turbulence could be ignored. Therefore, it is assumed that the water flow in the water
layer obeys Darcy’s Law.

A large number of scholars treat the underground diaphragm wall as an impermeable
layer when doing theoretical analysis and numerical calculations [29-31]. Therefore, it is
assumed that the underground diaphragm wall is impermeable.

2.1.3. The Derivation Process

Take a section of foundation pit with unit length for analysis. According to the
principle of flow balance, the flow of each section is equal which means that the flow of the
groundwater passing through the top, middle and bottom of the horizontal curtain is Q.

Darcy’s Law is the fundamental relationship between seepage head loss (J) and flow
rate (Q), which can be expressed as follows:

Q=kA] @

where Q is the seepage flow, k is the hydraulic conductivity, A is the area of the overcurrent
section, and | is the hydraulic gradient.
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The hydraulic gradient | in Equation (1) can be expressed as follows:

dh
I=-% @

where dh is the head loss of the fluid flowing through dI distance.
In addition, a section with unit length is taken for analysis. Thus the A in Equation (1)
can be expressed as follows:
A=wxl=w 3)

Substituting Equations (2) and (3) into Equation (1), the flow rate of an overcurrent

section can be obtained as follows:
dh
= —kw— 4

The seepage path is divided into three parts, namely, the initial water level outside
the foundation pit to the horizontal curtain’s bottom, the curtain’s bottom to the curtain’s
top, and the curtain’s top to the bottom of the foundation pit. The boundary parameters of
the three seepage paths are shown in Table 1.

Table 1. Boundary parameters of the different seepage path.

Boundary First Path Second Path Third Path
Initial position (m) 0 L+1 L+l +1
End position (m) L+ L+l +1 L+li+h+1;
Initial water head (m) hy hy hy
End water head (m) h ho h3

The calculation of each seepage path is the same, and we take the first seepage path
as an example for analysis: the position is 0 and water head is h at the initial water level
outside the foundation pit; At the bottom of the horizontal curtain, the position is L + I3,
and the end water head is &1; The seepage coefficient is k;. According to Equation (4), the
variable separation method can be used to obtain Equation (5):

L+ hq
Q/ dl = —klw/ dh ®)
0 ho
Integrating Equation (5) we get Equation (6) as follows:
_ ho — hq

Similarly, the equilibrium conditions of the second and the third paths can be obtained
as follows: —_—
Q= kw—r— 7)
2
hy — h3
I
In Equations (6)—(8), I3 is equal to 0 but there are still three unknowns, Q, /11 and h;.
Combining Equations (6)—(8), we can find the unknowns as follows:

Q=hkw ®)

e — ho(k1lz + kal3) ©)
1 k112+k2(L+11+l3)
hoksls (10)

2T kb +ko(L+ 1 +15)
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Q - hoﬂ)klkz
o kilo + kz(L +1 + 13)

(11)

2.2. Multi-Layer Soils
2.2.1. Model

As shown in Figure 2, a calculation model schematic diagram is established. There are
5 soil layers outside the foundation pit, and the hydraulic conductivity and the thickness of
each soil layer are different. The phreatic water level is located in the second layer, and the
seepage path from the diving water level to the bottom of the pit goes through many soil
layers, the distance is I1, I, I3, l... Iy, and the hydraulic conductivity of each path is k1, k,
ks, k... ko, respectively. In order to reveal the general seepage law in the multilayer soil, the
following letters are used to replace specific values: the thickness of the horizontal curtain
is assumed to be [,_1; The hydraulic conductivity is k,_1; The initial water level is set to hy,
and each seepage path at the end of [, is set to /1;; The water pressure at the bottom of the
horizontal curtain is k,,_,, and the water pressure at the bottom of the foundation pit is ;.

pit's bottom h o

. s - ;;L
[ @ -, C%QOC@);%C(
10-0-0-0-0-0-0-0-0-0-0

Figure 2. Schematic diagram for seepage calculation of horizontal waterproof curtain of foundation

pit under the action of phreatic water in multiple strata. (2 water head height; k hydraulic conductivity;
I the length of the seepage path).

2.2.2. The Derivation Process

When the first seepage path is taken as an example, the boundary conditions are as
follows: distance is 0 and water head is hj at the initial water level outside the foundation
pit; At the end of the first seepage path, the distance is /;, and water head is ; The
hydraulic conductivity is k1. According to Equations (4) and (5), the variable separation
method is used to obtain the Equation (12):

o k1w

Q=== (ho—h) (12)
1

We set k}—lw as a1, and transform Equation (12) to obtain Equation (13) as follows:
alho — ﬂlhl — Q =0 (13)

Similarly, an equation similar to Equation (13) can be obtained for all other seepage
paths through Equation (4). Thus, the system of Equation (14) can be obtained by combining
the n-segment paths obtained:

Illh() - 1111’11 - Q =0
a2h1 — ﬂzhz — Q =0
: (14)

ap1hy2—ay, 1hy 1 —Q =0
anhy_1 — ayhy —Q =0
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The system of Equation (14) contains n equations, with a total of n unknowns, hy~h,,_4
and Q. Equation (14) is rewritten as the following Equation (15) for the convenience
of calculation:

ra;, 0 0 0 ... 0 0 1 7 ] [ mho ]
a —ap 0 0 ... 0 0o -1 hy 0
0 a3 —a3 0 ... 0 0o -1 hs 0
o= (15)
0 e 0 0 aAp—2 —0y_2 hn—2 0
0 cee 0 0 0 apy_1 —ay_1 -1 hnfl 0
L0 ... 0 0 O 0 o =11 o | L ah |

By solving Equation (15), the water pressure and the water inflow at any soil layer in
the foundation pit can be obtained.

3. Confined Water Conditions
3.1. Model

As shown in Figure 3, the mechanical model of horizontal waterproof curtain with
confined water was established. The physical meaning of each parameter in Figure 3 is the
same as that in Figure 1, which will not be repeated here. Unlike the phreatic model, the
confined water has no free surface, but the pressure p at the bottom of the diaphragm can be
converted to head height /y. The entire seepage path is from the bottom of the diaphragm
wall to the bottom of the pit. Since no stagnant water is allowed in the foundation pit, the
height of the water head height h3 at the bottom of the foundation pit is zero.

artesian water

impermeable layer

Figure 3. Schematic diagram for seepage calculation of horizontal waterproof curtain of foundation
pit under the action of artesian water. (h water head height; I the length of the seepage path; k
hydraulic conductivity; w width of the pit; p water pressure at the bottom of the diaphragm wall).

3.2. The Derivation Process

Compared with the phreatic condition, there is no seepage path from the free phreatic
surface outside the foundation pit to the bottom of the diaphragm wall under the action of
confined water, which indicates that there is no head loss outside the diaphragm wall in
Figure 3. The calculation method for the seepage calculation of artesian water only need to
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change the first seepage path from (L + /1) in the equations of phreatic to /;. The calculation
formulas about water pressure and water inflow at the bottom of the curtain are as follows:

_ ho(kila + ko)
kil + ko (Il +13)

1 (16)

- howk1k2
kil +ko(l +13)

(17)

4. Experiments

In order to verify the correctness of the above calculation theory, an indoor model test
was designed. On the one hand, the artesian water and phreatic have the same calculation
principle. On the other hand, the artesian water test device has the characteristics of simplicity,
easy operation and high efficiency. Therefore, an artesian water test model was adopted.

4.1. Experiment Design

By referring to the paper on dewatering of foundation pit model test [32,33], the size of
the model box is determined as length x width x height = 1.2 x 0.4 x 0.8 m® and the test
box is shown in Figure 4. The bottom of the dewatering well and the filling surface are 55 and
75 cm, respectively. In order to study the changes of water level and water pressure in the
soil, a pressure measuring hole was arranged in the inside of the model box every 10 cm from
the bottom up along the depth direction. A total of seven pressure measuring holes with a
diameter of 1.5 cm were arranged and connected to the pressure measuring meter. Two water
supply holes were provided on both sides of the bottom of the model box.

pumping well

pressure tap ||

pressure gauge

80cm

\
\
OOl
\
\

water suply pipe water suply pipe

water suply pump RTEI

Figure 4. Schematic diagram of test model box. (z the thickness of the curtain; y the distance between

the curtain and the top surface of the fill).

Each water supply hole was connected to the booster pump. The initial water head kg
in the test is set to 5 cm by changing the water supply pressure of the pump. In the test, the
power of the pump was adjusted so that the pressure gauge reading at 70 cm in the model
box was close to 0, that is, the water level remained stable at 70 cm. After the water level
stabilizes, the water inflow of the foundation pit model is recorded by reading the flow
rate of the pumping well.

In order to obtain the variation law of water pressure and the water inflow, three
parameters were considered: the hydraulic conductivity ratio of the horizontal curtain (B),
the distance between the curtain and the bottom of foundation pit (i), and the thickness
of the curtain (z). Thus seven working conditions are set up, and the parameters of
each working condition are shown in Table 2. The medium-coarse sand with a hydraulic
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conductivity of 8.13 m/d was selected as the test soil. In addition, clay and sand are mixed
in different proportions to simulate horizontal waterproof curtains with different moisture
contents. The hydraulic conductivity ratio (g) is equal to the hydraulic conductivity of
the water curtain divided by the hydraulic conductivity of the surrounding soil. When
the hydraulic conductivity ratio is 1, it is equivalent to pumping water directly from the
drainage well without setting a horizontal curtain.

Table 2. Parameters of each working condition.

Test Conditions y (cm) z (cm) B
1 20 5 0.223
2 20 5 0.057
3 20 8 0.057
4 30 5 0.057
5 40 5 0.057
6 - - 1
7 20 5 0

y the distance between the curtain and the bottom of foundation pit; z the thickness of the curtain; § the hydraulic
conductivity of the horizontal curtain to undisturbed soil.

4.2. Comparison of Test and Calculation Results
4.2.1. Verification of Water Inflow

Through the model tests, the measured water inflow of the foundation pit with seven
working conditions can be obtained. Then, Equation (17) is used to calculate the theoretical
value of pit water inflow in each working condition, and the calculated results are compared
with the experimental results. The comparison data results are shown in Table 3, and the
comparison curves are shown in Figure 5.

Table 3. The comparison of water inflow test and calculation results of foundation pit under different conditions.

Test Experimental Calculated .
Conditions y (em) z (cm) p Results (L/h) Results (L/h) Relative Error
1 20 5 0.223 11.32 9.30 17.85%
2 20 5 0.057 6.85 5.32 22.28%
3 20 8 0.057 5.13 4.02 21.68%
4 30 5 0.057 6.27 5.32 15.10%
5 40 5 0.057 6.41 5.32 16.95%
6 - - 1 15.32 11.61 24.19%
7 20 5 0.0001 0 0 0%
20 — . . . . . D T T T T 2 . . .
18F  —=— experimental results 1 B experimental results 1 irys . 1
16 | - - calculated results 4 16 |- - - calculated results 4 6L —s— experimental results ]
out 1 cul 1 - @~ calculated results
< S Shalll
SES 1 :;12 - 1 <uf 1
E 10 1 2wt 1 E 0F 1
E ol ] E £
5, 5 °f 1 &Y -
< 6 g = 5 -— e a
g 4+ 4 = °r 1 S0 - - - === s I ° 1
4 - 4r 1
2k .
2} ] 2 i
0F B
1 1 1 1 1 1 1 0 ' ' ' | | 0 v . "
0.0 0.2 04 0.6 0.8 1.0 12 0 2 4 6 3 10 20 30 40
the ratio of hydraulic conductivity thickness of waterproof curtain (cm) position of curtain (cm)
(a) hydraulic conductivity (b) thickness (c) position

Figure 5. Comparison curves of pit water inflow with different parameters. (a) influence of hydraulic conductivity ratio on
water inflow; (b) influence of curtain’s thickness on water inflow; (c) influence of curtain’s position on water inflow.
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(1) Water inflow comparison with different hydraulic conductivity ratios

In the condition that z is 5 cm and y is 20 cm, by changing  and combining working
conditions 7, 2, 1 and 6, the comparison curves of experimental data and theoretical
calculation results are shown in Figure 5a. It can be seen from the Table 3 that the calculated
results for the water inflow of the foundation pit with different hydraulic conductivity
ratios are similar to the test results, and the theoretical values are slightly smaller than the
test values. The relative error of the two methods is controlled at about 20%, and the curve
change trend of the two methods is consistent.

(2) Water inflow comparison with different thickness of the curtain

In the condition that § is 0.057 and y is 20 cm, by changing z and combining working
conditions 6, 2 and 3, the comparison curves of the experimental data and theoretical
calculation results are shown in Figure 5b. As can be seen from the data comparison in the
Table 3, the calculated results for water inflow under the different thickness of horizontal
curtain are similar to the experimental results, and the theoretical values are slightly smaller
than the observed values. The relative error of the two methods is controlled at about 20%,
and the curve change trend of the two ways is consistent.

(3) Water inflow comparison with different curtain positions

In the condition of keeping § at 0.057 and z at 5 cm, by changing y and combining
working conditions 2, 4 and 5, the comparison curves of experimental data and theoretical
calculation results are shown in Figure 5c. From the data comparison in the Table 3, it can
be seen that the water inflow of foundation pit with changing curtain depth remains un-
changed when thickness and hydraulic conductivity are constant. There is little difference
between the theoretical formula calculation result and the test result, and the model test
result is also close to the horizontal line. The theoretical calculation result is consistent with
the law reflected by the test result.

4.2.2. Verification of Water Pressure

The results of the head pressure tests at the bottom of the horizontal curtain and the
calculation results obtained by Equation (16) are compared with different parameters, as
shown in Table 4 and Figure 6.

Table 4. Comparison of experimental results and calculated results of water pressure under different working conditions.

Test Experimental Calculated .
Conditions Y (cm) z (em) p Rgsults (cm) Results (cm) Relative Error
1 20 5 0.223 2.830 2.140 24.37%
2 20 5 0.057 3.812 3.363 11.78%
3 20 8 0.057 4.212 3.839 8.86%
4 30 5 0.057 4.000 3.690 7.74%
5 40 5 0.057 4521 4.018 11.13%
6 - - 1 2.134 1.429 33.06%
7 20 5 0.0001 5.000 4.995 0.100%
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Figure 6. Comparison curves of water head height with different parameters. (a) influence of hydraulic conductivity ratio on
water pressure; (b) influence of curtain’s thickness on water pressure; (c) influence of curtain’s position on water pressure.

(1) Water pressure comparison with different hydraulic conductivity ratios

In the condition that z is 5 cm and y is 20 cm, by changing 8 and combining working
conditions 7, 2, 1 and 6, the experimental data and theoretical calculation results of water
pressure in the bottom of the curtain are compared. It can be seen from the data in the
Table 3 and the comparison Figure 6a that the calculated results of water head with different
hydraulic conductivity ratios are similar to the test results (except for condition 6 which
will discuss in Section 4.3. Error Analysis), and the two curves have the same change trend.
Therefore, the theoretical calculation method is reliable.

(2) Water pressure comparison with different thickness

In the condition that f is maintained at 0.057 and the y is 20 cm, by changing z and
combining working conditions 6, 2 and 3, the comparison curves of the experimental data
and theoretical results are compared. It can be seen from the Table 3 and the Figure 6b
that the calculation results with different thickness are similar to the test results (except for
working condition 6 which will discuss in Section 4.3. Error Analysis). The relative error is
controlled at about 10%, and the curve change trend is consistent, which reflects the same
Law. Therefore, the theoretical method is reliable.

(3) Water pressure comparison with different curtain positions

In the condition of keeping f is 0.057 and z is 5 cm, by changing y and combining
working conditions 2,4 and 5, the comparison curve of the experimental data and theoretical
calculation results are compared. It can be seen from Table 3 and Figure 6¢ that the
calculation results are similar to the test results. The relative error of the two methods
is about 10%, and the curve change trend of the two ways is consistent. Therefore, the
theoretical way is reliable.

4.3. Error Analysis

When deriving the theoretical formula, we assumed that the water level is horizontal
during the pumping process. However, due to the limited number of pumping wells, the
validity of this theoretical hypothesis cannot be guaranteed during the test. In the actual test,
the bottom water level of the foundation pit will appear the water cone of depression [34], as
shown in Figure 7. Therefore, the measured water inflow in the experiment will be greater
than the theoretical calculation result. For the same reason, the actual zero momentum
head will be lower than the calculation assumption, resulting in the measured pressure
at the bottom of the curtain higher than the theoretical value. Especially for working
condition 6 without the curtain, the phenomenon of the water cone of depression is more
obvious. Therefore, the calculated and measured results are more different than other
operating conditions.
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Figure 7. Diagram of water line.

The calculation model assumes that the water inflow is consistent along the direction
of length, which is reasonable for the subway foundation pit with a large ratio of length to
width. The aspect ratio of the model box is too small (1.2 m long and 0.4 m wide), which
leads to discrepancies between the test and the hypothesis, resulting in a certain error in
the theoretical calculation. In addition, considering that the actual water level along the
length direction is also lower than the calculated water level, the measured water inflow
and head height will be larger than the calculated results.

The above error analysis is only for the deviation produced by the test box. In the
actual construction, the calculation error will be reduced for the reason that the foundation
pit is set with a horizontal curtain and the ratio of length to width are relatively large.
Therefore, the theoretical analysis and calculation method proposed in this paper is feasible.

5. Result and Discussion
5.1. Curtain in Single Layer Soil Condition

The simplified model of the foundation pit is shown in Figure 8. The width of the
foundation pit is 20.0 m, the burial depth of diaphragm wall is 35.0 m, the bottom of the
foundation pit is 10.0 m from the ground, and the underground diving level is H m higher
than the bottom of the foundation pit. The thickness of the horizontal curtain is z m, the top
of the curtain is /1 m from the bottom of the foundation pit, and the bottom of the curtain
is I m from the bottom of the diaphragm wall. And the seepage path from the bottom of
the diaphragm wall to the initial water level is L. The entire foundation pit is located in
a homogeneous stratum, with the stratum hydraulic conductivity k; and the horizontal
curtain hydraulic conductivity is k; so the ratio (8) of the hydraulic conductivity is k; / k.

The theoretical method is used to calculate the water inflow in the foundation pit and
the head height at the bottom of the curtain with different parameters (8, z and [;), and
the change law of the two is analyzed. The parameters of the foundation pit were put into
Equations (9) and (11). The formula for calculating the head height (h,) at the bottom of
the waterproof curtain and the water flow per unit length (Q) of the foundation pit could
be simplified as follows:

H
1+ 2
Hw
Q= : (19)

k
(L+L+0H)B+z
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Figure 8. Simplified model diagram of a foundation pit. (H the height difference between the water
level outside the pit and the bottom of the pit; I the length of the seepage path; z the thickness of
the curtain).

5.1.1. The Ratio of Hydraulic Conductivity

As can be seen from Equation (18), when B tends to 0, the denominator tends to 0,
thus the head height /1, tends to H. It can be seen from Equation (19) that the §, as a factor
of molecules, is crucial to the control of seepage flow. By controlling [, z to be 10m, 5m
and changing the B, different depth of water level and other parameters are substituted
into Equations (18) and (19). The water inflow and the water pressure at the bottom of the
curtain were obtained, as shown in Figures 9 and 10, respectively.
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the ratio of hydraulic conductivity £

Figure 9. Variation of water head under different hydraulic conductivity ratios.

It can be seen from Figures 9 and 10 that at different water level heights when the
increases, the h; drops rapidly and the water inflow per unit length rises sharply. When the
hydraulic conductivity ratio is 0.01, the head height is 3—4 times that of no curtain, but the
water inflow is only 10% of that without the curtain. When the hydraulic conductivity ratio
was 0.001, the water inflow was only 1.8% of that without the curtain. The above results
indicate that the parameter § has a significant influence on the seepage characteristics, so
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the horizontal curtain has an excellent waterproof performance in actual project as it can
reduce the ratio of the hydraulic conductivity significantly.

3.5 T T T

30 F

water inflow(k,)

=
(=]
T

o
o
T

o
=]
T

1

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
the ratio of hydraulic conductivity S

Figure 10. Variation of water inflow with different hydraulic conductivity ratios.

5.1.2. The Thickness of Waterproof Curtain

It can be seen from Equation (18) that the denominator will decrease as z increases
so that the height of the water head at the bottom of the curtain increases. It can be seen
from Equation (19) that the value of z exists in the denominator as an addend. When B is
a constant value, the denominator increases as z increases so that Q will decrease. And
when f is very small, the denominator tends to 0, and the z value mainly controls the size
of the denominator, so that the change of the z value has a significant influence on the
water inflow. By controlling H to 5m and /; to 10 m, changing the size of z, and substituting
different hydraulic conductivity ratios and various parameters into Equations (18) and (19),
the changes in water pressure at the bottom of the curtain under different thickness z are
shown in Figure 11. As shown, the change curve of water inflow per unit length of the
foundation pit is shown in Figure 12.
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Figure 11. Variation of bottom water head with different thickness.
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Figure 12. Variation of water inflow with different thickness.

It can be seen from Figures 11 and 12 that the water pressure increases, the water
inflow decreases, and the curve change speed becomes slower and slower when thickness
of the curtain increases. This shows that after the thickness of the curtain is increased to a
certain range, the water blocking effect of increasing the thickness is no longer obvious.
On the contrary, increasing the thickness at this time will increase the engineering cost,
resulting in a decrease in cost performance. It can also be seen that the smaller the hydraulic
conductivity, the more obvious performance for stopping the water, which once again
shows that the hydraulic conductivity is very important. Comparing the results with
Figures 9 and 10, it can be seen that the thickness of the horizontal curtain is not as
important as the ratio of the hydraulic conductivity.

5.1.3. Curtain Position

It can be seen from Equation (18) that the change of the position /; of the horizontal
curtain affects the value in the denominator. The position related /; and L+, are all
calculated after being multiplied by B. Therefore, when f is very small, the head height
does not change. It can be seen from Equation (19) that the change of I; and I, will not
affect the sum of the two, so under the same hydraulic conductivity ratio, Q does not
change with the shift of /1. By controlling H, z to 5 m and the hydraulic conductivity ratio
to 0.01, the position of the horizontal curtain is changed to /1, and different hydraulic
conductivity ratios and various parameters are substituted into Equations (18) and (19).
The changes of water head and water inflow with different curtain positions are shown in
Figures 13 and 14 respectively.

It can be seen from Figure 13 that the change of the curtain position has little effect on
the water head height. And as the hydraulic conductivity decreases, the change becomes
less obvious. Figure 14 reflects that the water inflow does not change with the thickness of
the curtain. In summary, the effect of the curtain position on the seepage characteristics is
extremely weak.
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Figure 13. Variation of the water pressure with different positions.
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Figure 14. Variation of water inflow with different positions.

5.2. Curtain in Multiple Layers Soil Condition

Taking the calculation model Figure 15 as an example, the stratum around the founda-
tion pit is dominated by coarse sand with good water permeability, and in the middle is a
sandy loam soil layer with weak water permeability. The depth of the foundation pit is
10.0 m, the depth of the diaphragm wall is 35.0 m, and the top of the sandy loam soil layer
is 25.0 m from the ground surface with a thickness of 5 m. The bottom of the horizontal
waterproof curtain is ¥ m from the bottom of the ground connecting wall, and the thickness
is z m. The hydraulic conductivity of the coarse sand layer was taken as 30 m/d, and that
of the sandy loam soil layer was 0.05 m/d.
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Figure 15. Multi-aquifer calculation model diagram. (z the thickness of the curtain; y the distance
between the curtain’s bottom and the diaphragm wall’s bottom).

5.2.1. The Ratio of Hydraulic Conductivity

By controlling the position y to be 10 m and the thickness z to be 5 m, the hydraulic
conductivity ratio of the horizontal curtain was changed, and the geological and curtain
parameters of the foundation pit were put into Equation (15). The changes of water inflow
and water pressure with different coefficient ratios are shown in Figure 16a,b respectively.
It can be seen from Figure 16 that both the water inflow and the water pressure change
nonlinearly with §, and the degree of change is getting slower and slower. Therefore, the
permeability coefficient ratio has a significant effect on the seepage flow.
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(a) influence of hydraulic conductivity ratio on (b) influence of hydraulic conductivity ratio on

water inflow water pressure

Figure 16. Effect of hydraulic conductivity ratio on result.

5.2.2. The Thickness of Waterproof Curtain

By controlling the position y to be 10 m, and the hydraulic conductivity of the horizon-
tal curtain to be 6.9 x 1073 m?/d, by changing the thickness z, the geological parameters of
the subway foundation pit and the curtain are put into Equation (15). The changes of water
inflow and water pressure with different thickness are shown in Figure 17a,b respectively.
It can be seen from Figure 17 that both the water inflow and the water pressure change
nonlinearly with z, and the degree of change is getting slower and slower. Therefore, the
thickness of the curtain has an effect on the water intake and water pressure. It can be
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conducted that the thickness of the curtain has an obvious effect on the water inflow and
the pressure.
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Figure 17. The effect of the thickness of horizontal curtain on water inflow.

5.2.3. Curtain Position

Put all parameters into Equation (15), and the calculation results of water inflow with
different positions of horizontal curtain can be obtained. The relative position relationship
between the horizontal curtain and the sandy loam soil layer is shown in Figure 18, and
the calculation results of water pressure and water inflow are shown in Figure 19.

(a) The curtain is under the  (b) The curtain is over the sandy
sandy loam soil layer loam soil layer

e

(c) The curtain is over the sandy
loam soil layer (Some distance

Figure 18. Position sketch of both horizontal curtain and impermeable layer. (y the distance between the curtain’s bottom
and the diaphragm wall’s bottom).

For the stage (1) in Figure 19a, 0 m < z < 5 m, the horizontal curtain is below and
overlaps the weak permeable layer. The water pressure diagram shows that the water head
height at this stage is about 4.4 m, which is close to the initial water level. This situation
occurs because f is very small, and the coarse sand layer contributes little to the head
loss of seepage. The variation diagram shows that the head height decreases slowly with
the distance, and the falling speed is in the middle of three stages. There are two reasons
for this phenomenon. One is that when the horizontal curtain rises, the distance of water
flow to the bottom of the curtain increases and the head loss increases along the way. The
second is that as the horizontal curtain rises, its overlap with the weak permeable layer
increases, resulting in a decrease of the thickness of the weak permeable layer. As a result,
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the effective water-blocking layer thickness in the whole seepage path is reduced, but the
total hydraulic slope is unchanged, so the water head height at the bottom of the horizontal
curtain will be reduced. The figure of water inflow variation shows that the water inflow
per unit length of foundation pit is 0.11-0.12 m3/d at the stage (1) in Figure 19b, indicating
that the horizontal curtain has a pronounced water-blocking effect. With the rise of the
horizontal curtain, the water inflow of the foundation pit gradually increases. The reason
is that the rise of the horizontal curtain leads to the decrease of the thickness of the weak
permeable layer and the decrease of the effective water resistance thickness in the total
seepage path, which leads to the increase of the water inflow in the foundation pit.
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Figure 19. The effect of curtain position on result diagram.

For the stage (2) in Figure 19a, 5 m < z < 10 m, the horizontal curtain is above and
overlaps the weak permeable layer. The variation diagram of water pressure shows that
the head height drops rapidly with the distance, and the rate of decline is the first of
the three stages. The reason is that the horizontal curtain rises and the thickness of the
weak permeable layer increases gradually. Moreover, the seepage first passes through
the weak permeable layer before reaching the horizontal curtain. The weak permeable
layer contributes a lot to the seepage head loss, and the head height of the fluid decreases
significantly after passing through the weak permeable layer. Stage (2) in Figure 19b with
the rise of the horizontal curtain, the water inflow of foundation pit is gradually decreasing.
The reason is that the rise of the horizontal curtain leads to the increase of the thickness of
the weak permeable layer and the increase of the effective water-resistance thickness in the
total seepage path, which leads to the decrease of the water inflow in the foundation pit.

For the stage (3) in Figure 19a, 10 m < z < 20 m, the horizontal curtain is above the
weak permeable layer and separated from the weak permeable layer. The head height
variation diagram shows that the head height at this stage is unchanged. The reason is that
with the rise of the horizontal curtain, the thickness of the weak pervious layer does not
change, and the seepage path to the bottom of the horizontal curtain only increases the
distance of some coarse sand. The contribution of the coarse sand layer to the water head
loss is very small, so adding a section of the coarse sand layer to the water head height
at the bottom of the curtain can be ignored. Stage (3) in Figure 19b: With the rise of the
horizontal curtain, the water inflow of foundation pit remains unchanged. The reason
is that with the rise of the horizontal curtain, the length of soil with different hydraulic
conductivities in the total seepage path does not change, and the total hydraulic slope is
unchanged, so the water inflow of the foundation pit does not change.
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The above calculation results and analyses show that the head height at the bottom
of the curtain drops as the horizontal curtain rises. The water inflow of the foundation
pit rises firstly and then drops. Based on this, we can get the following enlightenment: In
engineering practice, it is preferred to set the horizontal curtain above the weak permeable
layer, where the water head height at the curtain bottom and the water discharge of
foundation pit are both small. Secondly, it is considered that the horizontal curtain is
set below the weak permeable layer. Although the water head height at the bottom of
the curtain is relatively high, it is easy to ensure the stability at the bottom of the curtain
because of the thick soil covering the top of the curtain. Moreover, the water inflow
of the foundation pit is still very small. If neither of them could meet the construction
conditions, the horizontal curtain can be set in the lower permeable layer. In this scheme,
the water head height at the bottom of the horizontal curtain is moderate, but the water
discharge in the foundation pit is the largest one. Therefore, the weak permeable layer
below the foundation pit should be retained as far as possible during the construction of
the horizontal closing curtain. A lower permeable layer is a natural barrier to control the
water inflow of foundation pit.

6. Application
6.1. Case Study

Juyuanzhou Station of Fuzhou Metro Line 2 is located in Cangshan District, Fuzhou
City, China. The entire station is situated on Nantai Island, and its geographic location is
shown in Figure 20. The station is located at the intersection of Jinxiang Road and Binzhou
Road, along the east-west direction of Jinxiang Road. Figure 21 shows the surrounding
environment and layout of the station. There is an urban inland river about 3 m to the
north of the site, the water surface is about 10m wide, and the water surface elevation is
about 3.5~4.0 m (close to the groundwater level of the proposed site). There is a hydraulic
connection between the inland river and the Min River, and the water level changes are
related to the rise and fall of the Min River and the control of the river sluices. Due to the
lining of the river, the hydraulic connection between river water and groundwater is weak,
but in the case of broken lining, the river water will recharge the groundwater.

0 2 4 6 8 10km

Figure 20. Station location.

The rock and soil layers of the station site are as follows from top to bottom: miscella-
neous fill, coarse medium sand (slightly density), coarse medium sand (medium density),
medium coarse sand, silty sand, silt with sand and gravel layers, as shown in Figure 22.
The buried depth of the phreatic water level is 2.30~4.30 m, and the aquifers are mainly
coarse medium sand layer, silt fine sand layer, medium coarse sand layer and gravel layer.
The aquifer mainly receives lateral runoff and leakage recharge. The specific parameters of
each layer are shown in Table 5.



Water 2021, 13, 1303

20 of 26

Legends

neighborhoods
[ metro entrance

road
metro station plan

inland river

0 40 80 120 160 200m

Figure 21. Station plan and surrounding environment.
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Figure 22. The diagram of the geological section and partition of the cut-off wall.

Table 5. Properties of the soil at the site.

Name 2% T e c (0] k
I: miscellaneous fill 18.5 1.2-3 - 4 18 -
II: coarse medium sand
(slightly density) 185 2.1-9 0.81 4 20 42
III: coarse medium sand
(medium density) 19.0 16-28.2 0.72 4 25 40
IV: medium coarse sand 19.5 04 0.7 4 28 35
V: silty sand 18.5 0-6 0.69 4 25 10
VI: silt with sand 17.0 1.2-3 1.2 12 5 0.3
VII: gravel 21.0 7.5-bottom - 2 35 55

< natural unit weight (kn/ m?®); T thickness of the layer (m); e void ratio; ¢ cohesion (kpa); ¢ internal friction angle

(°); k hydraulic conductivity (m/d).

Juyuanzhou Station has a total length of 285 m and a standard section width of 19.7 m.
It is an underground two-story island station. The depth of the foundation pit in the
standard section is about 16 m, and the open-cut method is used for construction. The main
enclosure structure adopts a continuous wall with a thickness of 800 mm, and the depth
of the enclosure wall is about 38 m. The cross-section of the station is shown in Figure 23

where the thickness of the soil layer can be easily found.
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Figure 23. The cross section of the station.

6.2. Design of Horizontal Waterproof Curtain

As shown in Figure 23 and Table 5, the stratum of the foundation pit is a highly
permeable stratum, which adds great difficulty to the design of the precipitation scheme.
So the partial penetrating curtain can’t meet the requirements of foundation pit dewatering.
Besides, the full penetrating curtain is not suitable for this foundation pit scheme because
of the high cost and difficult construction. To reduce the impact on the surrounding
environment and meet the precipitation requirements, horizontal bottom curtains were
employed in the station foundation pit. Moreover, three vertical curtain were constructed
using triple-pipe jet grouting piles to reduce construction risks. This measure divides
the foundation pit into four small foundation pits, among which the top elevation of the
vertical partition wall is —0.8 m, and the schematic diagram of the foundation pit partition
is shown in Figure 22.

According to the requirements of the design documents, the water inflow of each
small foundation pit should be controlled within 15,000 m®/d. As shown by the previous
experiments, the water inflow calculation method proposed in this paper is smaller than
the experimental data, and the relative error is within 25%. Taking into account the
uneven geological conditions and the strong water permeability of the stratum in actual
construction, the safety factor of this method is 2.5, that is, the water influx of 6000 m3/d is
used as the control standard in this method. As shown by the geological map and the cross-
sectional view of the foundation pit, the water permeability of the geological environment
of No. 4 foundation pit is higher than that of the others. Therefore, the standard section of
the No. 4 foundation pit is used as an example to design the entire foundation pit, which
can ensure the safety of precipitation measures. By substituting the parameters of the No. 4
foundation pit in the Table 5 and Figure 23 into the Equation (15), the water inflow and
pressure under different permeability coefficients and heights can be obtained, and the
structural safety can be checked by this.

It can be seen from Figure 24 that when the water inflow control standard is 6000 m3/d,
the curtain hydraulic conductivities corresponding to curtain thicknesses of 4, 5, 6, and
7 m are 1.86, 2.32, 2.76, 3.3 m/d, respectively. In the highly permeable stratum, the
curtain is prone to bad quality, and it is difficult to guarantee the construction quality. The
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4 m-thick horizontal curtain has a high construction risk, so this scheme is not adopted.
When the curtain thickness is 5 m, the hydraulic conductivity is required to be lower than
2.32 m/d, which is easier to meet the requirements. The 5 m thick curtain can meet the
waterproof requirements of the foundation pit, while the 6.7 m curtain is expensive, so it is
not considered to be used in the standard section. The shield shaft section has a deeper
foundation pit and stricter requirements for precipitation. Therefore, a 7 m thick horizontal
curtain is used to improve its safety. The stability of the foundation pit and the anti-surge
calculation are carried out through Figure 25, and the results show that the precipitation
measure is safe. From the previous discuss, we know that the horizontal curtain position
has the least influence on the water stop. However, it is not easy to pass the anti-floating
calculation when the location is too shallow, and the construction quality of the pebble
layer is difficult to guarantee when it is too deep. After comprehensive consideration, it is
proposed that the elevation of the top of the horizontal curtain is —20 m.
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Figure 24. Change graph of water inflow with hydraulic conductivity.
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Figure 25. Change graph of water pressure with hydraulic conductivity.

Finally, the following design parameters are adopted: ultra-high pressure triple-tube
jet grouting piles with a diameter of 1100 mm and a spacing of 850 mm are used for
deep horizontal curtain, and the height of the top horizontal curtain is —20 m. The curtain
hydraulic conductivity should be lower than 2.32 m/d, the curtain thickness of the standard
section is 5 m, and the curtain thickness of the end shield well section is 7 m. It has been
verified that the solution meets the requirements of stability and anti-floatation.
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6.3. Dewatering Experiment
6.3.1. Dewatering Scheme

In order to ensure the safety of construction, carry out the foundation pit precipitation
experiment. First, 34 dewatering wells (JS01-JS34) were arranged to carry out dewatering
tests for each small foundation pit. Because of the disturbance to the upper soil during the
construction of the jet grouting pile, the water output of a single well could not meet the
design requirements. Later, ten pumping and observation wells (GB01-GB10) were added.
In order to observe the change of water depth outside the foundation pit, 16 observation
wells (SW01-SW16) were arranged for observation. The layout of the entire dewatering
well and observation well is shown in Figure 26.
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Figure 26. Pumping and observation wells distribution. (JS pumping wells; SW observation wells; GB pumping and

observation wells).

6.3.2. Dewatering of No.1 Pit

A total of 6 pumping wells (JS29, ]JS28, JS26, JS31, JS32, JS33) were used for the
dewatering test of No. 1 foundation pit. Three observation wells are set up to observe
the water level drop. The observation well inside the pit is JS30, and the observation
wells outside the pit are SW06 and JS25. The elevation of the top of the anti-seepage wall
of the foundation pit partition is —0.8m, which is lower than the groundwater level. If
only the No. 1 foundation pit is dewatered, the water from the No. 2 foundation pit
that is higher than the cut-off wall will flood into the No. 1 foundation pit, which will
have a certain impact on the experimental results. In order to avoid the occurrence of the
above-mentioned disadvantages, when the No. 1 foundation pit is pumped, the No. 2
foundation pit is also pumped. The observation pipe JS25 close to the cut-off wall ensures
that the water from the No. 2 foundation pit will not flow into the No. 1 foundation pit.
The time history curve of water level drop and water inflow in No. 1 foundation pit is
shown in Figure 27. Since the JS34 foundation pit was blocked due to the construction,
there was no observational data until the third day after precipitation.

It can be seen from the Figure 27 that the water level of JS25 is controlled to a depth of
less than 10 m after pumping for one day, which eliminates the impact of the water in the
No. 2 foundation pit on the No. 1 foundation pit. After precipitation, the water level of
the standard section of the No. 1 foundation pit was buried at a depth of 18 m, and the
water level at the shield well was maintained at a buried depth of 22 m, which met the
excavation requirements. It can be seen from SW06 and SW10 that the water level outside
the pit is maintained at a buried depth of 4m, indicating that the precipitation process has
no impact on the surrounding environment and the water stop performance is very good.
In the end, the water inflow of the foundation pit stabilized at 25-26 m?3/h, which was far
less than the design control requirements, indicating that the water stop measures for the
No. 1 foundation pit were successful.
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Figure 27. Water depth and water inflow in No.1 pit. (JS pumping wells; SW observation wells; Q1
the water inflow inside the No. 1 pit).

6.4. Result Analysis

Facts have proved that although the horizontal curtain reduces the water inflow of
the foundation pit, the horizontal curtain definitely has a certain permeability, which is
consistent with the hypothesis of this article. In the engineering example, the area of the
horizontal waterproof curtain of the No. 1 foundation pit is about 1412 m?. When the
dewatering water level is stable, the water inflow of No. 1 foundation pit is 513 m3/d, that
is, the water inflow per unit area is 0.36 m®/d, which is far less than the design requirement
of 4 m3/d. This implies that the performance of the horizontal waterproof curtain applied
for the excavation case is good, which meets the requirements of design and safety.

7. Conclusions

(1) The theoretical calculation models of phreatic and confined water are established.
Based on Darcy’s seepage theory and flow balance principle, the calculation method
of foundation pit water inflow and pressure with the horizontal waterproof curtain in
strong permeable formation is derived.

(2) Indoor test models of the foundation pit with horizontal waterproof curtain are
adopted. Comparing the test results with the calculated results, it is found that the
relative error is about 20%, and the reasons for the error are analyzed.

(3) The derived theoretical calculation methods are used to analyze the influence law of
the hydraulic conductivity ratio, thickness and position of the horizontal waterproof
curtain on the foundation pit seepage. It is found that the hydraulic conductivity
ratio of the horizontal waterproof curtain has the most significant influence on the
foundation pit. The thickness of the curtain has a certain effect on the water inflow in
the foundation pit, but it has a limited effect on the water pressure at the bottom of
the curtain. The curtain position has little effect on water inflow and pressure.

(4) Combined with the engineering example, various parameters of the curtain were
designed according to the method in this paper. Subsequently, the water stopping
effect of the horizontal curtain was analyzed by pumping test. The test results
show that the design method is reliable and meets the requirements of foundation
pit precipitation.
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