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Soil deformation is prone to occur in the process of the foundation pit dewatering. A large number of metro existing tunnels are
located in soft soil layers. The compression of soft soil poses a threat to metro existing tunnels. Previously, plenty of research on
foundation pit dewatering is focused on the hydraulic head and deformation characteristics of the aquifer. However, the law of
water releasing and compression deformation of overlying soft soil has not been taken seriously. In order to study the artificial
recharge groundwater effect on overlying soft clay, a three-dimensional seepage—soil deformation coupling numerical model was
established. The theoretical basis of the model is Darcy’s law and the principle of effective stress. A foundation pit located in
Nanjing, China was selected as an example. The numerical model was used to simulate the hydraulic head and soil deformation
caused by foundation pit dewatering and artificial recharge groundwater outside. The result shows that, due to the difference of
hydraulic head between the aquifer and the aquitard reducing, it also has a good control effect on the deformation of the soft soil by
recharging water into the aquifer. The location of recharge wells around the metro existing tunnel can control the soil deformation

effectively, which could help to reduce the impact on the metro existing tunnel.

1. Introduction

Underground space development has been a hot issue in sci-
entific research. Metros are constructed to relieve traffic jams
in urban. Soil deformation around the tunnel is obvious, espe-
cially in soft deposit [1-3]. Grantz [4, 5] reported a number of
rectangular immersed tunnels in several countries, all suffer-
ing from long-term settlements. Ng et al. [6] found a maxi-
mum tunnel settlement of 288 mm of Shanghai Metro Line 1
and 144 mm of Shanghai Metro Line 2. Too large deformation
of the soil would threaten the safety of the tunnel, resulting in
collapse or water inrush of the tunnel [7-9].

Previous studies investigated the settlement caused by
tunnels construction [10-13]. Cooper et al. [14] reported an
observed settlement of more than 12mm for the Piccadilly
Line tunnel 38 months after the completion of an underneath
crossing tunnel in London, UK. Komiya et al. [15] reported that
the tunnels suffered from excessive settlement due to soft clay
consolidation induced by construction of a nearby embankment
in Tokyo, Japan. The long-term settlement may be caused by

factors such as nearby construction, cyclic train loading, and
secondary compression of soft clay.

Scholars studied the measures of settlement control dur-
ing nearby construction. Zhang et al. [16] presented a dual-
fluid system of cement and sodium silicate of grouting-based
treatment technology. A device was designed specially to
avoid blocking the grouting holes. This grouting-based treat-
ment provides an effective way to control the settlements of
tunnels in soft deposits. Di et al. [17] presented three in situ
grouting tests for long-term settlement treatment of a cut-
and-cover tunnel of Nanjing Metro Line 10, and a bottom-up
grouting sequence and a cement and water glass grout mix-
ture are advised. Zhou et al. [18] proposed a grouting and
lifting measure named “bottom grouting, inner support, real-
time monitoring, and immediate adjusting” to uplift the
deviated tunnel axis. Grouting was considered an effective
measure to control the settlement of the tunnel generally, but
the cost of grouting is quite expensive.

Nutbrown [19, 20] studied the effect of artificial recharge
groundwater. Phien-wej et al. [21] conducted a field experiment
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of artificial recharge groundwater to control settlement. The
monitoring data showed that the recharged aquifer was
rebounded. Teatini et al. [22] reviewed the fundamental geome-
chanical processes that govern land upheaval due to fluid
recharge, and numerous examples were introduced to show
the effect of fluid recharge. Zheng et al. [23] performed a series
of single-well and multiwell pumping and recharge tests to
discuss the effect of artificial recharge groundwater. They
concluded that the twin-well combined recharge technique
can be used to control the head loss of an aquifer. The effect
of settlement control is studied by pumping-recharge tests
and settlement monitoring. However, the existing tunnels
are located in the soft soil underground, and the soft soil is
generally overly the aquifer. Sarma and Xu [24] studied the
factors that affect the recharge rate in arid alluvial. Huang
et al. [25] conducted a site test and established a numerical
model to study the soil behavior under artificial recharge,
which demonstrated that artificial recharge is an effective
method to control the land subsidence. It is necessary to study
the effect of artificial recharge groundwater on the control of
overlying soft soil deformation.

Previous studies showed that artificial recharge ground-
water is an effective measure to control the settlement and
aquifer deformation [26-28]. But the control effect of artifi-
cial recharge groundwater on the deformation of the overly-
ing soft soil is lacking. The purpose of this work was to study
the effect of artificial recharge groundwater on the deforma-
tion of the overlying soft soil. The main objectives of this
paper are three aspects: (1) obtain the parameters of the soil
by field pumping test and geotechnical test, (2) analyze the
hydraulic connection between the aquifer and the soft soil,
and (3) simulate the effect of artificial recharge groundwater
on the control of the deformation of soft soil.

2. Methodology

2.1. Seepage Theory. Based on Darcy’s law and the principle
of continuity, the governing equation for groundwater seep-
age is expressed in Equation (1) as follows [29]:
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where Ky, Ky, and K,, are the hydraulic conductivities in
different directions; # is the hydraulic head; W is the external
source and sink flux; S, is the specific storage; and ¢ is time.

The initial condition can be expressed in Equation (2) as
follows:

h(x,y.2,t)| =g = ho(x. 7. 2). (2)

The boundary conditions can be expressed in Equations (3)—
(5) as follows [30]:
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where h, (x, y, z, t) is the constant hydraulic head on bound-
ary I'y; cos(n, x), cos(n, y), and cos(n, z) are the directional
cosines for the normal to the body surface; g(x, y, z, t) is the
known discharge in per unit area; u is the specific yield; z is
the elevation of the free surface; 6 is the angle between the
normal vector of the outer boundary and the perpendicular
direction; I"; is Dirichlet boundary condition; I, is the Neu-
mann boundary condition; and I'; is the free surface bound-
ary condition.

2.2. Soil Consolidation Theory. The coefficient of volumetric
compressibility depends on the effective stress and is
expressed in Equation (6) as follows [31, 32]:

Ad = —Au = -y, Ah, (6)

where Ao’ is variation of vertical effective stress, Au is the
variation of the pore pressure, y,, is the specific weight of
water, and Ah is the variation of the hydraulic head.

According to Terzaghi’s consolidation theory, the cumu-
lative settlement caused by dewatering could be obtained by
the stratified sum method. The assumptions made in the
derivation of Terzaghi’s consolidation equation are as fol-
lows: the soil is homogeneous and fully saturated, soil parti-
cles and pore water are incompressible, the time lag
consolidation is entirely due to the low permeability of the
soil, the soil is restrained against lateral deformation, and
excess pore water drains out only in the vertical direction
[33]. Wu et al. [34], Shen and Xu [35], and Wu et al. [36] also
solved the problems of saturated soil deformation due to
water release. It is demonstrated that Terzaghi’s consolida-
tion equation could accurately simulate the soil deformation
in the Yangtze River Delta Plain.

S:Uisi:i ~b;, (7)
=1 =1

where S is the cumulative settlement, U is the solidity of the
soil, S; is the soil deformation of each layer, and E; is the
deformation modulus of each layer. For sand, E; is the defor-
mation modulus. But for clay, E; could be obtained in
Equation (8) as follows:
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FIGURE 1: Site plan of the foundation pit.
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where ¢ is the initial void ratio and a, is the coefficient of
volume compressibility.

3. Application

3.1. Background. The foundation pit is near the Yangtze
River in Nanjing, China. The size of the foundation pit is
approximately 196X 128 m in plan view. The excavation
depth ranges from 17.5 to 20.0 m. The tunnels of Nanjing
Metro Line 1 is located 100.2m south of the foundation
pit. The site plan of the foundation pit is shown in Figure 1.
The tunnel is buried at a depth from 5.4 to 11.2 m, which is
situated in the clay strata. The schematic figure of the stra-
tum and the tunnel is shown in Figure 2(a).

The soft quaternary deposits of the coastal regions of
China generally consist of multi-aquifer—aquitard systems
[37, 38]. The groundwater is stored in the silty fine sand,
the medium coarse sand, and the gravel, which are confined
aquifers. The elevation of the hydraulic head in the confined
aquifer is 2.5 m. The foundation pit is close to the top of the
confined aquifer. The typical cross-sectional profile, the
structure of the foundation pit, and the pumping well are
shown in Figure 2(b). During the excavation, the hydraulic
head should be dewatered below the bottom of the founda-
tion pit. Due to the large thickness of the confined aquifer,
the diaphragm wall cannot cutoff the confined aquifer.

3.2. Conceptual Model. When the diaphragm wall is not
insert into the aquifer, a depression cone with a certain shape
centered on the foundation pit is to be formed during dewa-
tering, which is similar to the formation of a depression cone
of water table around the pumping well. Therefore, the dis-
tribution range of the foundation pit can be assumed to be an
ideal large diameter well. The reference influence radius of
the foundation pit dewatering is 615.2 m by the virtual large

diameter well method [39]. In fact, the diaphragm wall of the
application has been inserted into for more than two-thirds
of thickness. The foundation pit dewatering would not affect
beyond 615.2 m. Therefore, the scope of the simulation was
extended by 700 m around the project in the process of
establishing numerical model.

The model is divided into hexahedra. As the hydraulic
gradient outside the foundation pit is small relatively, the
mesh outside the foundation pit is set relatively large in the
process of dividing the grid. Referring to previous studies
[40], the mesh in the plan is set at 20 m in size outside the
foundation pit, and the meshes are dense around the foun-
dation pit, which is set at 2.5m in size. According to the
mechanical and permeability characteristics of the soil, the
model is subdivided into six layers vertically that are ©® impu-
rity fill, @ silty clay, @ silty and sand, @, silty and sand, ®
mixed gravel medium coarse sand, and ® weathered mud-
stone. As the model boundary is far away from the founda-
tion pit, the surrounding boundary is treated as a constant
boundary in hydraulics. The meshes, diaphragm wall, and
pumping wells are shown in Figure 3. This study adopted the
finite difference analysis to simulate the groundwater seepage
and ground settlement.

3.3. Calibration and Validation. The field tests were taken to
calibrate the parameters by comparing the measured data
and the calculated data. Six pumping wells (P1-P6) and four
observed wells (G4-G7) were set in the field. The structure of
the pumping and observed wells is shown in Figure 2(b), and
the plan location field test is shown in Figure 4. The observed
well G4 was set at a different depth than the other observation
wells to calibrate the hydraulic conductivity of the aquifer.

Parameter assignment has a great influence on the accu-
racy of the model, and fitting the calculated data with mea-
sured data is a common method to adjust parameters. Each
layer was assigned initial parameters based on geotechnical
test. The hydraulic parameters of the model, hydraulic con-
ductivity, and specific storage were calibrated by a trial-and-
error method to fit the calculated data with the observed data
of field tests. The deformation modulus was obtained from
geotechnical test. As the screens of the wells are mainly
located in the ®; and ®,, the parameters of the aquifers
(®, and ®,) were calibrated by field tests. The comparison
result was shown in Figure 5. From the fitting situation, the
correlation coefficient between the calculated and observed
water level in the observation well under the parameter com-
bination is 0.983. It was shown that the hydraulic head fitting
situation is good. The parameters of the aquitard are based
on previous scholars’ studies. The parameters of the numer-
ical model are shown in Table 1.

4. Results and Discussion

The bottom of the foundation pit is located at the bottom of
the aquitard or the top of the aquifer. Therefore, the hydrau-
lic head of the aquifer should be lowered below the bottom of
the foundation pit. According to the distribution of the aqui-
fer, diaphragm wall depth, and the situation of the existing
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Ficure 2: The typical profile of the soil, the structure of the foundation pit, the tunnel, and the pumping/recharge well. (a) The typical profile
of the soil (I-T’). (b) The typical cross-sectional profile of the structure of the foundation pit, the tunnel, and the pumping/observed wells.

tunnel, the foundation pit is adopted by a suspended curtain ~ The hydraulic head of the aquifer outside the foundation pit
to reduce the impact of the existing tunnel. is —10.4 to —13.3 m. The hydraulic head of the aquifer out-

side the foundation pit on the south is shallower than that on
4.1. Foundation Pit Dewatering. The simulated results of the ~ the north because the diaphragm wall on the south side is
hydraulic head caused by dewatering are shown in Figure 6.  deeper than that on the north side. The groundwater flow
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FIGURE 4: Plan location of field tests.

path is longer on the south than on the north side. Due to the
hydraulic head difference between the aquifer and the over-
lying aquitard, the aquitard would compact and release water
in the action of hydrodynamic force. The hydraulic head of
the aquitard outside the foundation pit is —4.04 to —4.09 m.

The simulated results of the soil compression caused by
dewatering are shown in Figure 7. The settlement around the
foundation pit caused by dewatering is 28.5-38.2 mm. As the
drawdown of the aquifer and the aquitard outside the foun-
dation pit on the north is larger than that on the south, the
settlement caused by dewatering on the north is larger. The
maximum settlement at the metro existing tunnel is
25.59 mm. The compression of the aquitard caused by foun-
dation pit dewatering is 7.22-7.50 mm. The maximum

deformation of the aquitard at the metro existing tunnel is
4.04 mm.

4.2. Artificial Recharge Groundwater. Artificial recharge
groundwater is a common measure to control soil deforma-
tion. In this study, two artificial recharge groundwater design
schemes are studied for the effect on the settlement and the
deformation of overlying aquitard, i.e., the recharge wells are
arranged within the construction area (Figure 8(a)) or at the
metro existing tunnel (Figure 8(b)).

The simulated results of the settlement caused by dewa-
tering and groundwater recharge are shown in Figure 9.
When the recharge wells are located near the diaphragm
wall, the settlement outside the foundation pit is controlled.
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FIGURE 5: Scatter diagram of measured against calculated hydraulic head. (a) The comparison between measured and calculated hydraulic
head during field test with one pumping well and one observed well. (b) The comparison between measured and calculated hydraulic head

during field test with six pumping wells and four observed wells.

TaBLE 1: Parameters of the numerical model.

Hydraulic conductivity (m/d)

Specific storage (1/m) Deformation modulus (MPa)

Layer Soil

K (Kyy) K. Ss E;
1 ® 0.0001 0.00001 1x107° 8
2 ® 0.0002 0.00002 5%x107* 8
3 ®, 12 3.5 5%107° 90
4 ®, 13 4 5%107° 95
5 @ 20 5 1x107* 140
6 ® 0.0001 0.00001 1x107* 200

As shown in Figure 9(a), the settlement at the south of the
foundation pit is 7.35-16.49 mm. Compared to the settle-
ment caused by foundation pit dewatering (without artificial
recharge groundwater), the settlement near the foundation
pit is reduced by 49.90%-76.03%. The settlement at the
metro existing tunnel is 11.28-12.76 mm. Compared to the
settlement caused by foundation pit dewatering (without
artificial recharge groundwater), the settlement at the metro
existing tunnel is reduced by 48.36%—55.64%.

When the recharge wells are located at the metro existing
tunnel, the settlement outside the foundation pit is also con-
trolled. As shown in Figure 9(b), the settlement at the south
of the foundation pit is 19.17-21.08 mm. Compared to the
settlement caused by foundation pit dewatering (without

artificial recharge groundwater), the settlement near the
foundation pit is reduced by 34.63%—41.81%. The settlement
at the metro existing tunnel is 5.11-9.41 mm. Compared to
the settlement caused by foundation pit dewatering (without
artificial recharge groundwater), the settlement at the metro
existing tunnel is reduced by 60.00%—79.67%.

The simulated results of the compression of the aquitard
caused by dewatering and artificial recharge groundwater are
shown in Figure 10. When the recharge wells are located near
the diaphragm wall, the compression of the aquitard outside
the foundation pit is controlled. As shown in Figure 10(a), the
compression of the aquitard at the south of the foundation pit
is 0.70—4.26 mm. Compared to the compression of the aqui-
tard caused by foundation pit dewatering (without artificial
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FiGure 7: The simulated settlement and soil compression caused by foundation pit dewatering. (a) The settlement caused by foundation pit

dewatering. (b) The compression of aquitard.

recharge groundwater), the compression of the aquitard near
the foundation pit is reduced by 31.78%-90.38%. The com-
pression of the aquitard at the metro existing tunnel is
4.5-5.2mm. Compared to the settlement caused by founda-
tion pit dewatering (without artificial recharge groundwater),
the settlement at the metro existing tunnel is reduced by
27.73%-37.12%.

When the recharge wells are located at the metro existing
tunnel, the compression of the aquitard outside the founda-
tion pit is also controlled. As shown in Figure 10(b), the

compression of the aquitard at the south of the foundation
pit is 6.59-6.90 mm. Compared to the compression of the
aquitard caused by foundation pit dewatering (without arti-
ficial recharge groundwater), the compression of the aquitard
near the foundation pit is reduced by 4.55%-12.89%. The
compression of the aquitard at the metro existing tunnel is
1.15-3.49 mm. Compared to the compression of the aquitard
caused by foundation pit dewatering (without artificial
recharge groundwater), the compression of the aquitard at
the metro existing tunnel is reduced by 50.17%—-83.79%.
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5. Conclusions

In this paper, a three-dimensional numerical model was
established based on the monitoring data during pumping
tests in Nanjing, China. The following conclusions are
obtained from the numerical simulation:

(1) In the process of foundation pit dewatering, the
hydraulic head of the aquifer decreases. Meanwhile,
the hydraulic head of the overlying aquitard would
also decrease due to the hydraulic head between the
aquifer and the aquitard.

(2) The settlement and the compression of the aquitard
outside the foundation pit could be controlled by
artificial recharge groundwater. The closer the
recharge wells are to the diaphragm wall, the better
the control effect on settlement outside the founda-
tion pit by comparing two artificial recharge ground-
water design schemes.

(3) The layer of artificial recharge groundwater is the
aquifer. Due to reducing the hydraulic head differ-
ence between the aquifer and the aquitard, it also has
a good control effect on the deformation of the
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aquitard. The location of recharge wells around the
subway can better control the soil deformation, which
could help reduce the impact on the metro existing
tunnel.
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