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Abstract In China, more and more underground struc-
tures are being built close to buildings of architectural
merit. When installing deep foundations, three ways of
controlling seepage are suggested. In Mode III, an
installed curtain extends partly into the confined aquifer
so that the hydraulic connection between the excavated
section and the water in the host material is partly iso-
lated. The combined effects of pumping, curtain efficiency
and recharge are discussed. Based on the engineering
geological conditions of the deep foundation pit of the
Yishan Road Station of Metro Line 9, Shanghai, China, in
situ pumping and recharge tests were carried out. The
combined effects are similar to the results obtained using
a three-dimensional finite difference method (FDM)
numerical simulation.

Keywords Dewatering - Subsidence control -
Pumping/curtain/recharge effect - Deep foundation pit -
Pumping test - Numerical simulation

Résumé En Chine, des structures souterraines de plus en
plus nombreuses sont construites a proximité de batiments
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présentant un intérét architectural. Trois moyens de con-
tréler les écoulements lors de la réalisation des fondations
profondes sont suggérés. Dans le Mode III, un rideau
d’injection est réalisé, pénétrant partiellement dans
I’aquifére captif de sorte que la connexion hydraulique
entre le volume excavé et ’eau de la formation hote est
partiellement coupée. Les effets combinés du pompage, du
rideau d’injection et d’une recharge hydraulique sont dis-
cutés. Considérant les conditions géologiques et géotech-
niques de I’excavation profonde de la station Yishan Road
de la ligne 9 a Shanghai (Chine), des essais de pompages in
situ et des essais de recharge hydraulique ont été réalisés.
Les effets obtenus sont semblables aux résultats issus d’une
simulation numérique basée sur une méthode tridimen-
sionnelle aux différences finies.

Mots clés Rabattement de nappe - Controle des
tassements - Effets combinés d’un pompage, d’un rideau
d’injection et d’une recharge hydraulique - Excavation
profonde - Essai de pompage - Simulation numérique

Introduction

With increasing development in China, more and more
underground structures are being built close to buildings of
architectural merit, which may suffer if unrestricted
dewatering is used when installing deep foundations.
Subway stations are long and narrow, necessitating a long
perimeter wall to inhibit groundwater ingress. Three ways
of controlling seepage are suggested (Wu 2003):

(a) Mode I. An effective curtain extends to the lower
confining bed of the dewatered aquifer, inhibiting the
hydraulic connection between the excavated section
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and the water in the host material so that dewatering
of the excavation will not affect the surrounding area.

(b) Mode II. The curtain does not extend into the upper
confining bed such that there is no lateral cut-off of
the aquifer. Any dewatering, therefore, has a signif-
icant impact on the drawdown and subsidence outside
the area of the excavation.

(c) Mode III. The curtain extends into the confined
aquifer so that the hydraulic connection between the
excavated section and the water in the host material is
isolated. There is therefore an impact on the draw-
down and subsidence outside the pit which depends
on the depth of the curtain (Fig. 1).

In deep subway station foundations (such as Shanghai,
Hangzhou, Tianjin, Changsha, Kunming city, China),
Mode I is usually adopted in order to reduce the impact of
dewatering both as regards subsidence and to protect the
surrounding environment. However, if the dewatered con-
fined aquifer is too thick or the curtain is too difficult to
construct, Mode III must be used with appropriate mea-
sures to reduce the impact of dewatering to within the
permissible range.

Pumping well

Diaphragm wall Diaphragm wall

Excavated surface

Upper confining bed

Confined aquifer

[ower confing ng péd
////////////////////// /A

Fig. 1 Seepage mode III

Fig. 2 Dewatering with and
without diaphragm wall
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Combined effects: pumping/curtain/recharge effect
Approaches in dewatering subsidence control

In the past, most urban pumping-induced subsidence
resulted from water extraction for urban use. However,
foundation excavation dewatering is different, occurring
usually in crowded built-up areas in which existing struc-
tures must be supported to ensure they are not damaged.
Two methods are usually adopted in dewatering subsidence
control (Mo 2002; Zhang and Gong 2007):

Curtain

Diaphragm walls formed of reinforced concrete cells or
piles are often used to form a cantilevered curtain to
facilitate excavation for deep foundations. The construction
of such curtains is very expensive and it is difficult to
control the leakage of cementitious liquids when a deep
construction is involved. Deep curtains also tend to have a
low tensile strength, such that they may crack and leak over
time.

Recharge

Recharge is often adopted to reduce subsidence outside of
the excavation pit. This method is usually only realistic for
shallow pits with little drawdown permitted outside the
excavations, such that the water can be re-introduced out-
side of the pit (Zheng 2007). In some cases, the recharge
method has been adopted to control curtain leakage, but
more generally it is only used as an emergency measure
rather than in long-term drainage projects (Roy and Rob-
inson 2009).

Pumping/curtain/recharge effect
Figure 2(a) shows the traditional dewatering method using

pumping wells. The water table cannot be reduced effec-
tively unless the pumping capacity is large enough. A

Kh
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larger drawdown is produced near the pumping well and a
correspondingly larger land subsidence is induced. There-
fore, this dewatering method is not suitable in settlement-
sensitive areas such as built-up areas. Figure 2b shows the
dewatering method combining a pumping well with a
diaphragm wall. The seepage field near the pumping well is
disturbed. The changed flow direction is nearly parallel to
the diaphragm wall, along which more loss of water head is
produced. In other words, smaller drawdown will occur
near the diaphragm wall and the land subsidence can be
controlled.

Furthermore, the diaphragm wall reduces the cross-
sectional area of groundwater flow; for this reason,
according to Darcy’s law, less volumetric flow rate is
needed in the constant hydraulic gradient, which implies
savings in the costs of dewatering.

In traditional dewatering, the horizontal permeability
plays a dominant role due to the horizontal flow direction.
When the flow direction is changed to nearly vertical by the
diaphragm wall, the vertical permeability becomes the

Jiashijia High—quality Decoration City

dominant factor. However, the coefficient of permeability
is usually smaller in the vertical direction than in the
horizontal direction, thus the discharge of a pumping well
can be reduced at the same hydraulic gradient.

Although the diaphragm wall can help to reduce the
drawdown outside a foundation pit effectively, some set-
tlement-sensitive or important constructions still need to be
protected in the dewatering process. The recharge wells can
be arranged near the protected constructions to balance the
drawdown funnel induced by dewatering and hence reduce
the impact.

Engineering background
Test field
The Yishan Road Station of Metro Line 9, Shanghai, is a

four-story underground island platform station, some
297.40 m long and 21.20 m wide (Fig. 3). The deep

Jinyindao Construction Center

Shanghai NO.7 Construction Decoration Center

Fig. 3 The location of Yishan Rd. Station, Metro Line 9, Shanghai, China

Fig. 4 Protected buildings near
the deep foundation pit
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foundation pit of the station is divided into four relatively
small pits, Z1, Z2, Z3 and Z4. The largest excavation depth
is 29.72 m. A diaphragm wall, with a thickness of 1.2 m
and a depth of 48-51 m, was installed to protect the nearby
buildings (Fig. 4). The environmental conditions around
Yishan Road Station are very complex (Figs. 3, 4) and
required a high level of protection. The Shanghai No.7
Construction Decoration Center, a 17-storey building with
a concrete frame structure, is 14 m away from the southern
boundary of the pit; Jiashijia High-quality Decoration City
and Jinyindao Construction Center are 13 m away from the
northern boundary; the elevated bridge of Metro Line 3 is
7 m to the southeast; the Yishan Road Station of Metro
Line 3 is 23 m to the northeast; the Inner Ring Elevated
Road and the West Zhongshan Road is 25 m to the west.

Strata distribution

According to the Geotechnical Investigation Research
Report, the foundation soils to excavation depth are all
Quaternary unconsolidated sediments. The foundation
mainly consists of saturated clayey, silty soil and sandy
soils. The strata distributions are listed in Table 1 and the
typical strata profile is shown as Fig. 5.

Table 1 The distributions of soil layers

Hydrogeological conditions

The main types of groundwater in the pit are the uncon-
fined water in the shallow clay aquifer, the sub-confined
water in the shallow aquifer (silty soil) and the confined
water in the deep aquifer (sandy soil). The highest water
table is usually 0.3—1.5 m below the ground surface, gen-
erally 0.5-0.7 m. The sub-confined water (Layers @, and
®,_,) and the deep confined water (Layer @,) are at 3-6 m
and 4-12 m respectively. The coefficients of permeability
obtained from the penetration test and parameter inversion
are listed in Table 2.

In situ pumping/recharge tests

After the diaphragm wall was installed, three different
dewatering schemes were conducted to evaluate the effect
of the curtain (diaphragm wall) in reducing the drawdown
outside the excavation. Six wells were installed in sub-pit
73, five wells in sub-pit Z4 and two wells outside of the pit.
The layout and structure of the wells are shown in Figs. 6
and 7 respectively.

Scheme I In this scheme, Y3-5 was adopted as the
pumping well and Y3-1-Y3-4, Y3,Y4-5 and G3-1 as
observation wells. The pumping rate is shown in Fig. 8 and

Strata Name of soil Elevation of layer Layer . -
serial layer bottom (m) thickness (m) Table 2 Stratum and coefficient of permeability
. Strata Name of soil Coefficient of permeability Adopted
@1 Artificial fill 3.56 to 2.04 1.30 to 2.47 serial layer (Cl’l’l/S) method
®, Creek bottom silt 0.76 to 0.72 1.80 to 2.30 < <
@, Clay 1.41 to 0.72 0.30 to 1.25 M "
©) Mucky silty clay —1.88 to —2.75 2.20 to 3.47 @, Clay 572 x 1077 2.17 x 107¢ Experiment
@, Mucky clay —10.79 to —12.63 8.20 to 9.88 ® Mucky silty clay  7.39 x 1077 121 x 107® Experiment
@, Sandy silt —12.79 to —14.59  0.90 to 1.86 @, Mucky clay 823 x 107® 1.18 x 1077 Experiment
®,, Clay —19.47 to —23.07 5.30 to 9.12 @, Sandy silt 530 x 107> 2,99 x 107* Experiment
®y Sandy silt —29.73 to —35.02  3.80 to 7.87 ®,, Clay 4.65 x 1077 1.67 x 107® Experiment
®s. Silty clay —27.01 to —30.71  5.90 to 9.75 ®,, Sandy silt 1.00 x 1075 2.03 x 10™* Experiment
®;, Silty clay —38.47 to —45.37 7.00 to 14.81 ®;;  Silty clay 375 x 1077 2.37 x 107® Experiment
®, Silty clay —45.78 to —47.86 1.00 to 2.40 ®;, Silty clay 1.51 x 107® 6.66 x 10™® Experiment
@, Sandy silt —41.99 to —47.19 0.00 to 5.20 @, Sandy silt 834 x 107> 4.68 x 10~* Experiment
@, Silty fine sand Not exposed Not exposed @, Silty fine sand 8.30 x 107> 3.00 x 10~* Inversion
Fig. 5 Typical strata profile S15Zx -4 SI5Ix-4  S15Zc- 1 SISIx -5 S15Zx - 5 YSi5zk-1  YSI5SZk-6
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the test results are shown in Fig. 9. It can seen that stable ~ well Y4-5 and well Y3, and 1.75 m in well G3-1. There
drawdown inside the pit was at 9.65 m in well Y3-2 and  was little change in the water table outside the pit but that
15.25 m in well Y3-4 while outside the pit it was 0.85 min  inside the pit decreased dramatically.

Fig. 6 Layout of wells eY3
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Scheme II In this scheme, Y3-5 and Y3-6 in sub-
foundation pit Z3 were adopted as pumping wells and
Y3-1-Y3-4, Y4-5,Y3 and G3-1 as observation wells. The
pumping rates are shown in Fig. 10 and the drawdown test
results are shown in Fig. 11. Stable drawdown was at
11.10 m in well Y3-2 and 15.15 m in well Y3-4, while
outside the pit it was at 1.90 m in well Y4-5, 0.95 m in
well Y3 and 1.85 m in well G3-1. Although two pumping
wells were operated, there was still a small change in the
water table outside the pit.

Scheme III In scheme III, Y3-1, Y3-3 and Y3-6 in sub-
foundation pit Z3 were the pumping wells and Y3-2, Y3-4,
Y4-5, Y3 and G3-1 the observation wells. The pumping
rates of Y3-1, Y3-3 and Y3-6 are shown in Fig. 12 and the
drawdown test results are shown in Fig. 13. Stable draw-
down was at 15.15 m in well Y3-2 and 15.35 m in well
Y3-4 while outside the pit it was at 0.80 m in well Y4-5,
1.10 m in well Y3 and 1.80 m in well G3-1. The water
table outside the pit showed a small change with 3 pumping
wells in operation.

Fig. 10 Pumping rate-time 18.00 1
curve of well Y3-5 and Y3-6
15.00 4
2
£ 12.00 -
2
s
oo 9:00 1
g —— Y3-5
a.
£ 6.00 -
=
A~ —=%— Y3-6
3.00 A
OOO 1 1 1 1 1 1 1 1 1 1 )
09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
Time
Fig. 11 Drawdown inside and Time
outside the sub-foundation pit 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00
73 in sch I i ‘ ‘ ‘ ‘ ‘ - ‘ ‘ ‘ ;D —
in scheme oo N — . . N ~ Y34
-4.00 ¥3-3
£ —=—Y3-2
g -7.00 A
—g —*—Y3-1
£ 11000 | ——Y4-5
-13.00 - Y3
G3-1
-16.00 -
Fig. 12 Pumping rate of well 16.00
Y3-1, Y3-3 and Y3-6
14.00 4
=
= 12.00
£
£ 1000 Y3-6
=
=l
.% 8.00 —— Y33
£ 600
—a— Y3-1
4.00
2.00

0.00 . . . . . . . . . . )
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Fig. 13 Drawdown inside and Time
outside the sub-foundation pit 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00
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Table 3 Land subsidence at the bridge pier of elevated bridge of
Metro Line 3

Total land subsidence (mm)

Monitoring Aug. 31, Sep. 30, Mar. 5, 60 days after
point 2005 2005 2007 structural
roof-sealing
A98 0 —-1.3 -0.7 —4.26
B98 0 —-13 -0.8 —4.33
A99 0 -1.7 -2.0 —4.47
B99 0 —-1.7 —1.8 —4.45
A100 G —-1.6 —-1.9 —5.51
B100 0 —-1.5 —-1.9 —-5.72
A101 0 —1.8 —-1.3 —5.64
B101 0 —-1.7 2.4 —5.62
A102 0 -1.9 —-1.7 —4.45
B102 0 —1.8 —1.8 —4.45
A103 0 -19 —-1.2 —4.39
B103 0 —1.8 -2.0 —4.28
A104 0 —1.8 —-1.6 —4.70
B104 0 —-1.9 —-1.9 —4.87
Fig. 14 Recharging rate of 200.00 -
Y3-4 and Y3-6
180.00
160.00
= 140.00 4
E 120,00 -
L
8
o 10000 1
g
20 80.00
<
<
8 60.00
4
40.00 -
20.00 -
000 b v vy

The single-well and group-well pumping tests illustrate
that the curtain can control the drawdown outside the
excavation effectively but a group of wells was needed to
meet the dewatering requirement for the whole range of the
foundation. Increasing the pumping wells inside a pit has
little influence on the drawdown outside an excavation
protected by a curtain.

The pumping tests began on August 31, 2005 and ended
on September 30, 2005. The excavation of sub-pit Z3
began on March 5, 2007. Fourteen monitoring points for
land subsidence were installed at the bridge pier of the
elevated bridge of Metro Line 3. The observation results
are listed in Table 3. The maximum subsidence was
5.72 mm, 60 days after sealing of the structural roof, i.e
within the requirements.

Pumping/recharge test

To obtain the recharge capacity which would be used to
evaluate the recharge effect in a numerical simulation, a
pumping-recharge test was carried out with Y3-5 as the

Y34

==Y 36

o e e e e e e e e e e e e e e e e e e e e e e
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S —m N WA LU X O DS

Time
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pumping well and Y3-6 and Y3-4 as recharge wells. The
test began on November 3, 2007 and ended on December 3,
2007. During the Ist week, the recharge rate of the two
wells was about 190 m*/day. After a period of decline, the
recharge rate of Y3-4 and Y3-6 was stable at about 120 and
170 m*/day respectively. An indication of the recharge
rates of the two wells is given in Fig. 14.

Three-dimensional numerical simulation of pumping/
recharge effect

The governing equation of confined aquifer unsteady flow
is shown as Eq. (1). The equation is solved using the finite
difference method (Wang et al. 2009). According to the
influence radius of many pit dewatering projects in
Shanghai, the calculation range of the model is defined as
1,000 x 1,000 m away from the pit (Fig. 15). In the ver-
tical direction, 150 m below the ground surface was con-
sidered, based on the geotechnical exploration. There are
13 zones with different parameters (Fig. 16). The initial
head of each unit is obtained from field observation. The
boundary condition of the model is defined as a constant
head boundary. The parameters of all the strata in the
calculation range are listed in Table 2. The numerical
model was revised by the preliminary pumping test per-
formed before the diaphragm wall was installed and the
error analyzed (Fig. 17). The parameter of layer @, was
obtained and both pumping and recharge conditions were
simulated.

Fig. 15 Three-dimensional finite difference model

-100-80-60-40-20 5

0 200 400

Fig. 16 Parameter section zoning of discrete model

@ Springer

L) +5 (%) +2 (k) - W=52 (ry2)e
h(x ¥,2:1) =ho(x,y,2,1) (x,y,2 )€F1
kxxa kyya,, +kzz =q(x,y,2,) (x,y,2) € FZ

I
h(xvyvzvt)lt:to —ho(x,y,z) (-x D2Y4 )

(1)

where k,,, k,,, k.. are the coefficient of permeability along
x, y and z direction (cm/s); & is the water table at the point
of (x, y, z) (m); W is the source and sink (1/day); Sy is the
specific storage at the point (x, y, z) (I/m); ¢ is time (h); Q is
the computational domain; h, is the initial water table at
the point (x, y, z) (m); I’y is the first type of boundary
condition; I'; is the second type of boundary condition; n,,
ny, n, are the unit normal vector on boundary I', along x y
and z direction; ¢ is the lateral recharge per unit area on
boundary I'» (m3/day).
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Fig. 17 Error analysis
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Fig. 18 Water table contour of layer @, (in plane)
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Fig. 19 Water table contour of layer @, (in cross-section)

Calculation results and discussion respectively. The drawdown near the elevated bridge of

Metro Line 3 is 2-3 m, which may still cause some
The drawdown contours under pumping conditions are  subsidence which could threaten the safety of the Metro
shown in plan and cross-section in Figs. 18 and 19  Line.
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Fig. 20 Water table contour of layer @, under pumping and recharging condition (in plane)
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Fig. 21 Water table contour of layer @, under pumping and recharging condition (in cross-section)

In the recharge simulation, 10 recharge wells were
installed close to the elevated bridge of Metro Line 3, to
balance the drawdown caused by dewatering. The recharge
rate of all the wells was fixed at 170 m*/day. When the
drawdown inside the pit reached the designed value, the

@ Springer

stable drawdown near the protected area outside the pit was as
shown in Figs. 20 and 21 in plan and cross-section respec-
tively. The negative number in the contour means that the
recharge rate is too large. In engineering practice, a smaller
recharge rate would satisfy the protection requirements.
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Conclusions

Many subway stations in large cities in China are being
constructed in crowded built-up areas. The dewatering
during the pit excavation for the subway station may cause
land subsidence, deformation, or tilting of the buildings
and even collapse.

Three ways of controlling seepage are discussed. If the
dewatered confined aquifer is too thick or the curtain is too
difficult to construct, Mode III must be used with appro-
priate measures to reduce the impact of dewatering to
within the permissible range.

The combined effects of pumping/curtain/recharge are
considered. Pumping can reduce the water table inside the
pit to facilitate excavation; the cantilever curtain can
reduce the cross-sectional area of the aquifer, change the
flow direction and lengthen the flow path, so that the
drawdown outside the excavation can be controlled.
Recharge wells installed near protected buildings and set-
tlement-sensitive areas can re-introduce the water outside
of the pit, such that the impact of dewatering can be
reduced.

Three types of in situ pumping tests were carried out.
The results illustrate that the curtain can reduce the
drawdown outside of a deep foundation pit effectively
while increasing the pumping wells inside a pit has little
influence on the drawdown outside an excavation protected
by a curtain. One pumping-recharge test was performed to

obtain the recharge capacity. The stable recharge rate
of Y3-4 and Y3-6 was about 120 and 170 m*/day
respectively.

The 3D FDM numerical simulation results show that the
drawdown near protected buildings can be balanced com-
pletely by recharge wells. The combined approach of
pumping/curtain/recharge is appropriate for reducing the
impact of dewatering in a deep foundation pit.
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