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Abstract: In order to prevent the inrushing caused by deep excavations, dewatering measure has to be adopted to
decrease the confined water level. In this study, the responses of the strata and supporting system to dewatering
in deep excavations are investigated through numerical simulations and case studies. Coupled fluid-mechanical
analyses are performed by the use of the numerical software, FLAC3D. The responses of the ground settlement,
base heave and interior columns to the excavation and dewatering are analyzed. Numerical results indicate that
the dewatering measure can effectively reduce the uplift of the subsurface soil in the excavation, and decrease
the vertical displacement of the supporting system. In addition, field data of two case histories show the similar
responses and confirm the validation of the numerical results. Based on the analyses, dewatering in the confined
aquifer is recommended as a construction method for controlling the vertical displacement of the strata and
supporting system in deep excavations.
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0 Introduction

Because of the shortage of land resources in the city,
the height of the buildings had been increasing, which
results in deeper basements today than in the past. In
order to ensure the safety of these deep excavations,
field monitoring was adopted to provide immediate
feedback to engineers and the performances of deep ex-
cavations had been investigated by analyzing the mon-
itoring data[1-5]. On the basis of the database of 300
deep excavation cases in Shanghai, Wang et al.[6] ana-
lyzed the field data of wall displacements and ground
settlements. They found that the system stiffness could
affect the lateral deformation of the diaphragm wall.
Huang et al.[7] focused on the interaction between en-
gineering construction and the geoenvironment and an-
alyzed the natural and anthropogenic causes of the
geoenvironmental hazards encountered in the develop-
ment of underground space. Tan and Li[8] examined
the performance of a 26m deep metro station excava-
tion through a long-term comprehensive instrumenta-
tion program. They pointed out that the interior col-
umn uplifts and the maximum wall deflections could be
described by a linear equation. In addition, numerical
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method was widely used to predict the effect of deep
excavation on underground structures[9-13]. These re-
searches mainly aimed at the effect of deep excavation
on the underground structures. However, few paid at-
tention to the problem of dewatering in the confined
aquifer.

Due to increase of excavation depth, the thickness of
the soil above the confined aquifer is decreased, which
will cause water-inrush in the deep excavation. There-
fore, the dewatering measure has to be carried out to
ensure the safety of underground construction. Dur-
ing the dewatering process, the pore pressure of the
soil is decreased and the effective stress of the soil is
increased, which will lead to soil compression. Con-
sequently, the deformation of soils and underground
structures becomes complex. Thus, it is essential to
study the responses of the strata and supporting sys-
tem to excavation and dewatering. Wu et al.[14] used
laboratory tests and numerical simulation to investigate
the blocking effect on groundwater seepage under differ-
ent insertion depths of retaining wall in aquifer. They
mainly concerned with seepage. Liu et al.[15] based the
finite element method on the Biot consolidation theory
and discussed the rationality of the steady state anal-
ysis in the dewatering analysis. Tan et al.[16] predicted
vertical ground displacements via two types of analy-
ses (transient analysis and steady state analysis) and
discussed which one was more accurate. They aimed
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at the simulation method of dewatering and did not
involve excavation couple with dewatering.

In this study, the numerical method is used to sim-
ulate the dewatering method during the deep excava-
tion. The results contain the column deformation and
soil displacement in the foundation pit. It is expected
that with a better understanding of the responses of
the strata and supporting system to dewatering in deep
excavations, the risks of supporting structures can be
avoided due to deep excavation. The results of this
study can be helpful for designers and engineers.

1 Numerical Simulation

1.1 Governing Differential Equations
The formulation of coupled deformation-diffusion

processes in FLAC3D is done within the framework
of the quasi-static Biot theory, and can be applied to
problems involving single-phase Darcy flow in a porous
medium[17]. According to Darcy’s law, the fluid trans-
port is described as

qi = −ki,lk̂(s)[p − ρfxjgj ]l, (1)

where qi (i = 1, 2, 3) is the specific discharge vector,

p is the fluid pore pressure, ki,l (i = 1, 2, 3; l = 1, 2,
3) is the tensor of absolute mobility coefficients of the
medium, k̂(s) is the relative mobility coefficient which
is a function of fluid saturation, ρf is the fluid density,
xj (j = 1, 2, 3) is the component of coordinate, gj

(j = 1, 2, 3) is the component of the gravity vector,
and [·]l is a partial derivative sign.
1.2 Model Description

The symmetric numerical model is shown in Fig. 1.
The distances of the whole foundation model are both
200m in the x and y directions, and the depth of the
model is 80m in the z direction. The size of the foun-
dation pit is 40m in the x direction and 40m in the
y direction. The excavation depth of the foundation
pit is 22m. The horizontal constraint is used in two
sides of the model, and the horizontal and vertical re-
straints are adopted in the bottom of the model. The
solid element is used to simulate foundation soil, the
liner element is used to simulate diaphragm walls, and
the beam element is used to simulate struts and piles in
the foundation pit. The depths of diaphragm walls and
columns are 38 and 50m respectively, and the thickness
of diaphragm walls is 1m.

200 m 200
m

xy
z

O

Center column

(a) Soil model (b) Structure model

80
m

Fig. 1 Mesh for the numerical model

The Mohr Coulomb constitutive model is adopted
for the soil. The elastic modulus of the soil is set to
800Su

[18-19]. The undrained shear strength, Su, can be
got from

Su = 20 + 2Z, (2)

where Z represents the soil depth. Other parameters
of the soil used in the numerical analysis can refer to
the foundation design code[20]. The detail parameters
of the soil are shown in Table 1, where γ is unit weight,
e is void ratio, E is elastic modulus, c is effective co-
hesion, ϕ is friction angle, kv is vertical permeability
coefficient, and kh is vertical permeability coefficient.
The diaphragm walls, piles and struts are set as elastic
material; the elastic modulus and Poisson’s ratio are

set to 30GPa and 0.2, respectively.
The basic calculation steps of numerical simulation

are listed in Table 2. There is no dewatering in the
former three steps, until the excavation depth reaches
to a certain depth. The anti-uplift formula is

∑
hiγs,i � FsγwH, (3)

where hi is the thickness of each soil layer between
the base of the excavation and the top of the confined
aquifer, γs,i is the unit weight of each soil layer, γw

is the unit weight of the water, H is the vertical dis-
tance between the top of the confined aquifer and the
groundwater level of the confined water, and Fs is a
safety factor.
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Table 1 Material properties

Layer Z/m γ/(kN·m−3) e E/MPa c/kN ϕ/(◦) kv/(m ·d−1) kh/(m · d−1)

Backfill 2.0 18.0 0.80 19.6 20 18.0 2.68 × 10−2 4.32 × 10−2

Sandy silt 2.0 18.5 0.88 27 4 30.5 2.68 × 10−2 4.37 × 10−2

Sandy silt 4.0 18.4 0.88 28 4 31.0 6.48 × 10−2 1.02 × 10−1

Silty clay 10.0 16.9 1.36 63 54 11.0 9.16 × 10−5 1.42 × 10−4

Clay 9.0 17.9 1.07 105 60 13.5 8.73 × 10−5 1.02 × 10−4

Silty clay 4.6 18.2 0.97 150 71 18.0 1.91 × 10−4 3.06 × 10−4

Sandy silt 18.5 18.6 0.84 195 3 32.0 2.20 3.55

Clay 29.9 18.0 1.03 284 110 17.0 3.98 × 10−4 1.71 × 10−3

As the maximum excavation depth of the foundation
pit is 10m in Step 3, the minimum drawdown of the
confined water is 1.252m with a safety factor of 1.05.

Table 2 Steps of numerical analysis

Step Computation conditions

1 Excavate to 2m below the ground surface (BGS)

2 Excavate to 6m BGS and build the struts

3 Excavate to 10 m BGS and build the struts

4 Dewater the confined aquifer (the accumulative
drawdown is 1.25 m)

5 Excavate to 14 m BGS and build the struts

6 Dewater the confined aquifer (the drawdown
increment is 6.91m)

7 Excavate to 18 m BGS and build the struts

8 Dewater the confined aquifer (the drawdown
increment is 6.91m)

9 Excavate to 22 m BGS and build the base plate

1.3 Numerical Results
Dewatering in the confined aquifer can decrease the

pore pressure and increase the effective stress, which
results in stratum consolidations. Moreover, the move-
ments of the columns and piles might be affected by the
dewatering measure due to soil-structure interaction.
Therefore, this study only focuses on the responses of
the strata and supporting system.
1.3.1 Vertical Displacement of the Soil

Figure 2 shows the contours of vertical displacement
of the model from the soil cut-plane at x = 20m. It can
be seen that the soil inside the pit rebounds and the
soil outside the pit settles due to the unloading effect.
Figure 3 shows the maximum rebound of the soil inside
the foundation pit and the maximum settlement of the
soil outside the foundation pit at each step.

In Step 3, the foundation pit is excavated to 10m
BGS, and the maximum vertical displacement of the
soil in the foundation pit reaches 32.1mm. In Step 4,
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Fig. 2 Contours of vertical displacement of the model from the soil cut-plane (m)
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Fig. 3 The maximum rebound of the soil inside the foun-
dation pit and the maximum settlement of the soil
outside the foundation pit

the dewatering measure is taken, and the maximum
vertical displacement of the soil inside the foundation
pit decreases to 31.8mm. The vertical displacement
decreases due to the dewatering measure. Similarly,
the maximum vertical displacement reaches 43.6mm in
Step 5 and decreases to 41.3mm while the second dewa-
tering measure is taken in Step 6. The same responses
can be observed from the nephograms of vertical dis-
placement in Steps 7 and 8. At the end of deep exca-
vation, the maximum vertical displacement of the soil
inside the foundation pit increases to 58.8mm. There-
fore, it can be tentatively concluded that dewatering
in the confined aquifer inside the foundation pit will
decrease the rebound of the soil inside the pit. Mean-
while, dewatering may aggravate the settlement of the
ground surface soil outside the foundation pit.
1.3.2 Vertical Displacement of the Column

Figure 4 illustrates the vertical displacement of cen-
ter column in association with the construction steps.
On the whole, the interior column moves upward con-
tinuously with the proceeding of excavation. However,
the interior column settles slightly due to dewatering
in the confined aquifer. From Step 1 to Step 3, the
vertical displacement of the column increases from 4.5
to 17.7mm. As mentioned above, dewatering has to be
carried out prior to further excavation. In Step 4, dewa-
tering is performed with a drawdown of 1.25m which is
the minimum drawdown according to Eq. (3). Results
of this step reveal that the dewatering-induced influence
on the column is insignificant. With the proceeding of
excavation, the drawdown increment increases. Since
the excavation depths in Steps 7 and 9 are the same,
the required drawdown increments in Steps 6 and 8 are
identical (i.e., 6.91m). It can be seen that the vertical
displacement of center column decreases from 21.8 to
19.1mm in Step 6 and from 25.2 to 22.6mm in Step 8.
As expected, dewatering in the confined aquifer has a
great effect on the vertical displacement of center col-
umn and the effect increases with the drawdown.
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Fig. 4 Curve of vertical displacement at the top of center
column

It can be tentatively concluded from the numerical
simulation that dewatering in the confined aquifer re-
duces the upheaval of the soil and center column inside
the excavation. In order to verify the numerical results,
two cases about deep excavation are selected for ana-
lyzing.

2 Case Studies

In this section, the effect of dewatering on the strata
and supporting system is analyzed through the field
data of two case histories, in which the dewatering
measure has been taken. The field data, including the
movement of internal column and subsurface soil, are
analyzed in association with the excavation depth and
drawdown of the confined water.
2.1 Case 1: Shanghai Century Metropolitan

Project
Shanghai Century Metropolitan Project is located in

Pudong New District, Shanghai. Soil strata at the site
consist of nine soil layers with depth to 90m BGS. The
subsoil in the field is mainly soft soils comprising qua-
ternary alluvial and marine deposits. The first confined
aquifer is in the seventh layer, and the confined water
level is about 3—11m BGS[21-23].

Figure 5 presents the vertical displacement of subsur-
face soil movement during the deep excavation, where
FC is the measuring point of stratified settlement and
the locations of FC1—FC3 are 10, 15 and 20m BGS,
respectively. A1 and B1 are the left and right parts
of the foundation pit, respectively. Stages 2—6 of B1
correspond to the excavations of the 2nd—6th layers of
the foundation pit, and so on. It can be observed that
the vertical displacement of strata settles dramatically
prior to Stage 6 of B1. The phenomenon of subsurface
soil can be attributed to dewatering.
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Fig. 5 Vertical displacement of subsurface soil in Shanghai
Century Metropolitan Project

Figure 6 depicts the vertical displacement of internal
column and diaphragm walls during the deep excava-
tion. It can be seen that the column heaves continu-
ously with the proceeding of excavation. However, the
displacement decreases prior to Stage 6 of B1. The
maximum vertical displacement of the column reaches
6.8mm in Stage 5, but it decreases to 2mm after the
dewatering measure is taken. The change of wall dis-
placement is similar to that of the internal column. The
vertical displacement of diaphragm walls increases with
the increase of the excavation depth until the dewater-
ing measure starts. It is evident that the dewatering
measure can effectively reduce the uplift displacement
of the column and diaphragm walls during the deep
excavation.
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2.2 Case 2: Shanghai Tower
The Shanghai Tower is a megatall skyscraper in

Pudong New District, Shanghai. The investigated foun-
dation pit is 17.85—25.89m deep, with an area of
30 000m2. The feature of subsurface conditions is a
thick layer of compressible clayey soils in the upper
28m BGS. The long-term groundwater table level is
observed at 0.5—1.2m BGS. Confined water is encoun-
tered at 28m BGS, and the confined pressure head is
18.2m. The detail information about the project refers
to Ref. [24].

Figure 7 shows the vertical displacement of subsur-
face soil and the confined water level, where the loca-
tions of FC2—FC4 are at 5, 10 and 15m BGS, respec-

tively. The vertical displacement of the soil outside
the foundation pit decreases obviously on the 50th day,
and the confined water level changes suddenly. On the
200th day, the confined water level changes again and
causes the subsurface soil settlement.

Figure 8 presents the vertical displacement of auger-
cast-in-place (ACIP) piles and the confined water level.
The data are selected from Stage 8. The confined wa-
ter level drops rapidly after the 5th day in this stage,
and leads to the ACIP pile decline. So, it can be
found that dewatering affects the movement of ACIP
piles. This phenomenon is similar to that of Case 1.
It is consistent with the results obtained in numerical
simulation.
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3 Conclusion

In this study, the effect of dewatering on the sub-
surface soil and supporting system is analyzed through
the numerical simulation in association with two case
histories. Based on the above analyses, the following
conclusions can be drawn.

Dewatering in the confined aquifer inside the foun-
dation pit decreases the upheaval of the soil inside the
pit. However, it may aggravate the settlement of the

ground surface soil outside the foundation pit.
Dewatering in the confined aquifer has a great ef-

fect on the vertical displacement of interior column and
the effect increases with the drawdown of the confined
water.

During the deep excavation, the dewatering measure
has to be taken to prevent the inrushing caused by deep
excavation. This measure can be used to control the
deformation of the strata inside the pit and the dis-
placement of internal column.
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