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ABSTRACT: This paper describes the application of FLAC3D analysis for modeling a top-down construction
of a four-story (33.7m depth), underground transformer substation in downtown of Shanghai city. There is
unconfined aquifer and confined aquifer on the site of this project and drainage by desiccation in the foundation
pit is adopted. The effective stress methods of analysis incorporate excavation and dewatering of the foundation
pit for real-time simulation of construction activities. The results not considering dewatering are compared with
the result considering dewatering, including wall deflections, basal heave, surface settlement. The analysis of
considering leakage of the wall and leakage between confined aquifer is provided also. The analysis shows
that although the difference is small in soft clay due to the low permeability of the soil, dewatering enhance
the deformation of the foundation pit and the foundation pit is inclined to be not security if dewatering is not
considered, the effect of leakage of the wall can be obvious on the surface settlement.

1 INTRODUCTION

For deep excavation in congested urban environments,
designers are particularly interested in making reli-
able prediction of the magnitudes of movements in
the surrounding soil (Peck 1969, Clough et al. 1989,
O’Rourke 1981) and then estimating the effects of
these movements on adjacent structures and facilities
(Burland &Wroth 1974, Boscardin & Cording 1989).
In principle these prediction can be achieved using
powerful numerical methods such as finite element
analyses, but there is difficulties in achieving reli-
able analytical predictions of soil deformations which
can be attributed to a variety of factors including
dewatering.
Dewatering is necessary in the excavation under the

ground water level in soft clay, which provide a dry
environment for the excavation and is benefit for the
slope stability and reducing the harm induced by the
groundwater, but dewatering have important effect on
the behaviour of the foundation pit and the surround-
ing soils, seepage induced by dewatering from outside
to the inside of the foundation pit have effect on the
stability and the deformation of the foundation pit and
surface settlement for the vertical consolidation by the
underground-water drawdown out of the foundation
pit, so effective stress methods of analysis distinct

from vast majority of analyses relies on total stress
methods of analysis and real-time simulation of cou-
pling between ground-water flow (pore pressure)and
soil deformations is adopted in this numerical analy-
sis considering dewatering. In this paper, considering
dewatering means considering the difference between
in and out of the foundation pit in the simulating, and
not considering dewatering means not considering the
difference.
This paper describes the application of FLAC3D

program for predicting soil deformations and ground
water flow associated with the top-down construction
of a columniform underground transformer substation
in downtown of Shanghai city.Themodel incorporates
a number of advanced features of analysis including:
(1) A FLAC3D model which can consider interaction
between support system of the foundation pit and the
surrounding soil; (2)Dewatering and excavation are all
considered in the numerical analysis at the same time;
(3) The drawdown of the ground water and the sur-
face settlement due to dewatering in the foundation pit;
(4) The surface settlement induced by the leakage of
the diaphragmwall. Site stratigraphy, material proper-
ties, and initial ground-water condition are all selected
using information provided prior to construction, the
simulation of the construction sequence is based on
the scheme.
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Figure 1. Soil profile and the location of the wall and
bracing.

2 GENERAL SITUATION OF THE PROJECT

2.1 Project description

The columniform underground transformer substation
of a four floor and 33.7m high underground structure
occupies a plan area of 13000 square meter (interior
diameter is 130m) in the downtown of Shanghai city
and is bounded by buildings and viaduct and lots of
underground pipeline.
The underground transformer substation design

uses a cast in situ, reinforced concrete, diaphragm
wall (1.2m thick) extending down into the elevation
−57.5m (With respect to the Shanghai City Base
datum), the circular wall is braced internally by the
floor slabs and 3 temporary annular bracing (Figure 1),
which are in turn supported by the interior columns
(steel and reinforced concrete & angel iron lattice)
founded on the bearing pile (bored filling pile, the pile
tip at depths −80∼ −90m below ground level. Both
the diaphragm wall and interior columns are installed
prior to excavation using slurry trench methods. The
roof and four floor levels are cast in sequence from the
top-down by excavating the soil from beneath themost
recently constructed slab. During excavation, dewater-
ing is accomplished using drainage by desiccation.

2.2 Engineering geological and groundwater
conditions

Table 1 shows an “averaged” profile of subsurface
stratigraphy interpreted from borings conducted at the
site. It should be noted that the borings logs actually

Table 1. Input parameters in Mohr-coulomb model.

E µ C ϕ D
Stratum MPa kPa (◦) (◦)

① 1.2 0.36 0.32 22.5 0
② 9.3 0.36 25.9 17.4 0
③ 8.9 0.37 5.1 21.2 0
④ 8.2 0.39 8.0 19.7 0
⑤1 11.4 0.38 13.4 15.7 0
⑤2 14.9 0.37 27.1 15.8 0
⑥ 26.8 0.34 42.7 13.7 0
⑦1 44.9 0.32 5.0 31.2 0
⑦2 80.2 0.31 0.0 33.0 0
⑧1 16.4 0.34 21.2 23.1 0
⑧2 28.3 0.33 16.9 24.1 0
⑧3 72.2 0.33 22.1 20.3 0
⑨1 99.2 0.31 0.0 35.0 5
⑨2 133.4 0.29 0.0 37.0 7

Table 2. Porosity and coefficient of permeability.

Coefficient of
permeability

Vertical Horizontal
Stratum Soil name Porosity m/s m/s

① Artifical soil 0.56 – –

② Silty clay 0.49 2.5× 10−9 5.5× 10−7

③ Mucky silt 0.57 1.7× 10−8 3.5× 10−6

④ Mucky silt 0.58 7.2× 10−9 8.1× 10−8

⑤1−1 Clay 0.52 3.9× 10−9 4.1× 10−8

⑤1−2 Silty clay 0.51 4.0× 10−8 3.2× 10−8

⑥1 Silty clay 0.43 5.8× 10−9 4.1× 10−8

⑦1 Silty silt 0.46 2.6× 10−6 2.6× 10−5

⑦2 Silt sand 0.44 5.4× 10−6 3.8× 10−5

⑧1 Silt clay 0.51 8.2× 10−9 4.0× 10−6

⑧2 Silt sand 0.50 6.2× 10−8 2.8× 10−6

⑧3 Silt sand 0.47 1.7× 10−6 3.0× 10−4

⑨1 Medium sand 0.37 5.7× 10−6 3.0× 10−4

⑨2 Coarse sand 0.35 7.9× 10−6 3.0× 10−4

show significant variations in the thickness of the indi-
vidual strata across the site, The assumption of an
average profile is consistent with the limited area and
uncertainties in engineering properties of individual
strata.Thematerial parameter of the layers is in table 1.
There is unconfined aquifer and confined aquifer

in the site. The ground water level of the unconfined
aquifer is 1∼2m under the ground and the 6th layer
is relative impervious layer. The confined aquifer is
divided into the 1st confined aquifer and the 2nd con-
fined aquifer by the γ1 ⑧2 layer. The 1st confined
aquifer lies in the⑦1 and⑦2 layer and the 2nd confined
aquifer lie in the ⑧3 and ⑨layer, there may be some
relationship between the 1st and 2nd confined aquifer.
The porosity and the coefficient of permeability of the
layers is in table 2.
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2.3 FLAC3D model description

The three dimensional numerical analysis program
FLAC3D is developed by Itasca Consulting Group,
Inc. The groundwater flow model may be coupled to
the stress model. The finite element model extends
far beneath the excavation (to 100m depth) and later-
ally a distance of 200m beyond the perimeter wall
where soil displacements, due to the simulation of
underground transformer substation construction, are
negligible. Constitutive modeling of soil behavior and
selection of input parameters represent a major source
of uncertainty in finite element analysis. The soil con-
stitutive model use Mohr-coulomb failure criterion
and in order to model realistically the depth variations
in properties the elastic shear and bulk modulus are
assumed to be proportional to the mean effective con-
fining stress. The unloading modulus of the soil in the
foundation pit is trinal loading’s and themodulus of the
soil under the ultimate base of excavation adopt mixed
modulus because of tension pile. The parameters of
the soil are shown in table 1.
The soil and diaphragm wall adopt 8 nodes solid

element and the permanent floor slab adopted shell
element and the temporary annular bracing adopted
beam element, and interface is adopted in the joint
of the diaphragm and soil. Elastic model is used
for the diaphragm wall and the young’s modulus is
2.3× 104MPa, and the Poisson’s ratio is 0.167. Elastic
model is also used for floor slab and temporary annular
bracing and the parameter of them is consistent with
the scheme. The FLAC3D model of this project is in
Figure 2.
Boundaries condition is summarized as follows: (1)

The underside displacement of the model is zero, the
horizontal displacement of the side of the model is
zero, the upper surface is free; (2)The underside of the
model is impervious boundary, the side of the model is
pervious boundary and the pore pressure is fixed, the
pore pressure of the upper surface is fixed as zero in
the formation of the initial stress field and hydrostatic
pressure and is free during dewatering and excavation.
Dewatering in the foundation pit is simulated by con-
trolling the saturation and pore pressure at specific
locations in the element model.

2.4 Construction sequence

Based on the actual record of site activities and the
sequence of events occurs in the finite element sim-
ulation, this process is simulated by 17 stages. Each
“stage” in the analysis represents a distinct change
in either the geometry, boundary conditions or time
elapsed between events.The first stage is the formation
of the initial stress field and hydrostatic pressure
and after every dewatering and excavation (including
adding bracing) is a stage. The numerical simulation
assumes that the construction of the diaphragm wall

Figure 2. FLAC3D model of the project.

has no effect on the surrounding soil (i.e., the wall
is “wished-in place”)and does not consider the instal-
lation of load-bearing elements used to support the
internal column.

3 RESULTANDANALYSIS

3.1 Analysis of the seepage field

Due to unconfined aquifer and confined aquifer exist-
ing in the site, there is difficulty in simulating them at
the same time. The confined aquifer is not taken into

149



Figure 3. The neural pressure contour and flow vector.

Figure 4(a). Lateral deflection of wall.

Figure 4(b). Contrast of the wall deflection.

account when analyzing the seepage of the unconfined
aquifer, which have no influence on the phreatic line.
The neutral pressure contour and the flow vector when
excavating to−33.7m is as Figure 3. It shows that the
drawdownof the phreaticwater is small and the depres-
sion cone is not obvious due to the low permeability
of the soft clay.

3.2 Analysis of the lateral deflection of wall

Figure 4 (a) is the computing result of the lateral deflec-
tions of the diaphragm wall along the depth at every

Figure 4(c). Contour of the lateral deflection.

excavation stage. The maximum lateral deflection of
the wall is 23.3mm, the ratio of the maximum lateral
deflection to the end excavation depth is 0.07%, the
top-down and the high rigidity of the slab is the reason
for the small ratio.The location of the lateral deflection
is a little higher than the excavation face and falling
with the excavating and the location of the maximum
lateral deflection is at−28.1m. Figure 4(b) is the con-
trast of the lateral deflection considering dewatering
and not in the last 3 excavation stage. The maximum
lateral deflection considering dewatering is 27.7mm
and higher than the result not considering dewatering.
The differencemostly happen in themiddle and under-
side wall and is increasing with the excavation depth
for the seepage force is concentrated in the middle and
underside wall and the hydraulic head is increasing
with the excavation depth. Figure 4(c) is the contour
of lateral displacement of the diaphragm wall.

3.3 Analysis of the basal heave formation

The basal heave is including the elastic rebounding
and the local plastic failure and the deep-seated plastic
failure. The elastic rebound is because of the unload-
ing, the local plastic failure is that the soil near the
wall yield, and the deep-seated plastic failure is that
the soil in the bottom is short of bearing power. When
the excavation depth is little, the elastic rebound is
the most, the maximum heave lies in the center, with
the excavation depth increasing the heave in the cir-
cumference preponderate over the heave in the center
because of the failure in the circumference, Figure 5(a)
is the curve of the basal heave, Figure 5(b) is the con-
tour of the basal heave when excavating to −33.7m.
Figure 5(c) is the contrast of the basal heave result con-
sidering dewatering and not in the last two excavation
stages, it shows the basal heave considering dewater-
ing is high than the not and the difference is increasing
with the excavation depth .

3.4 Analysis of the surface settlement

Figure 6(a) shows the surface settlement after the
every excavation stage. The surface settlement and
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Figure 5(a). The deformation of the basal heave.

Figure 5(b). Contour of the basal heave.

Figure 5(c). Contrast of the deformation of the basal heave.

the distance between the maximum surface settlement
and the foundation pit is increasing with the excava-
tion depth. The maximum settlement is 15.7mm and
the maximum distance is 44m when excavating to
−33.7m depth.The diaphragmwall move up and raise
the soil near the foundation pit because of the unload-
ing, which has a effect on the location of themaximum
surface settlement .

Figure 6(a). Surface settlement at stages.

Figure 6(b). Contour of the surface settlement.

Figure 6(c). Contrast of the surface settlement.

Figure 6(b) is the contour of the surface settlement.
Figure 6(c) shows the contrast of the surface settlement
considering dewatering and not. It shows that the mag-
nitude and range of the surface settlement induced by
the dewatering is small for the reason of the lowperme-
ability of the soil and the small descent of groundwater
level induced by dewatering. The location of max-
imum surface settlement induced by dewatering is
closer to the foundation pit than by excavation and the
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Figure 7. Leakage in the 6th layer.

maximum surface settlement considering dewatering
is 15.9mm.

3.5 Analysis of leakage

By the excavation experience in Shanghai city, the
leakage of diaphragm wall often occur when the depth
beyond 28m and the probability increase with the
excavation depth. The main cause is that the bad joint
of the wall and the dimension error in construction
and the distortion of the diaphragm wall. The leakage
will induce the decline of the ground water level and
the additional surface settlement, so the effect of the
leakage have to be taken into account.
If the leakage occurs in the sixth layer, Figure. 7

shows the neutral pressure and the flow velocity vec-
tor, by the contour of the neutral pressure, only the
groundwater level near the foundation pit descend lit-
tle, so the leakage in the 6th layer have little effect on
the settlement around the foundation pit because of the
low permeability and small discharge.
If the leakage occurs in the 1st confined aquifer

which of the water pressure is 5∼ 6m under the
ground , the water pressure of the 1st confined aquifer
descend clearly and the surface settlement is distinct
for the permeability of the 1st confined aquifer is high
and the discharge is much.
The 2nd confined aquifer can leak to interior of the

1st confined aquifer for the fall of the neutral pres-
sure in the 1st confined aquifer due to dewatering and
excavating in ⑦1 layer. The numerical analysis shows
leakage occurs, but the discharge is little, so the leak-
age have little effect on the settlement for permeability
of the of the⑧1 gray clay is low (8.21× 10−9m/s) and
the thickness of ⑧1 layer reach to 15m.

4 CONCLUSIONS

This paper introduce the FLAC3D model for simu-
lating the top-down construction of an underground
transformer substation at Shanghai city. Results con-
sidering dewatering are compared with the result not
considering including wall deflection, basal heave,
and surface settlement, the effect of leakage is also
analyzed. The main conclusions of this study are as
follows:

1. Dewatering by desiccation in the foundation pit
have effect on the behavior of the foundation pit, the
seepage could enhance the wall deflection and the
deformation of the basal heave, the drawdown of
the groundwater level outside of the foundation pit
could result in the vertical consolidation and add the
surface settlement.The foundation pit is inclined to
be not security if dewatering is not considered.

2. Thewall deflection and basal heave due to the seep-
age is little because of the low permeability of the
soil in soft clay. The drawdown of the groundwater
level due to dewatering is little, which result in little
surface settlement for the same reason above.

3. The leakage of the wall have important effect on
the surface settlement, which is a problem needed
to solve.
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