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Abstract: To predict the future behavior of land subsidence in Shanghai due to pumping of groundwater, a numerical model
is established. In the proposed model, groundwater flow in three-dimensional conditions and soil deformation in one-dimen-
sional conditions are calculated. The model takes into account the multi-aquifer-aquitard hydrogeological condition of the
soft deposit of Shanghai. The variation of the coefficient of compressibility and coefficient of hydraulic conductivity of the
soils with the consolidation process are simulated. Relationships among land subsidence, groundwater withdrawal volume,
and groundwater level are analyzed. Comparison between the measured value and calculated value shows that the model
simulates the measured value fairly well. The future of land subsidence behavior due to groundwater withdrawal is predicted
and discussed via consideration of the variation of the following parameters in the future 30 years: net withdrawn volume of
groundwater, pumping layer, and pumping region.

Key words: groundwater pumping, land subsidence, three-dimensional groundwater seepage, one-dimensional consolidation,
prediction.

Résumé : Un modèle numérique est proposé afin de prédire le comportement futur d’un affaissement de sol causé par le
pompage de l’eau souterraine à Shanghai. Dans le modèle proposé, l’écoulement de l’eau souterraine en trois dimensions et
la déformation du sol en une dimension sont calculés. Le modèle considère la condition hydrogéologique multi-aquifère-
aquitard du dépôt mou de Shanghai. Les variations du coefficient de compressibilité et du coefficient de conductivité hy-
draulique des sols lors du processus de consolidation sont simulées. Les relations entre l’affaissement du sol, le volume de
retrait de l’eau souterraine et le niveau phréatique sont analysées. Des comparaisons entre les valeurs mesurées et calculées
montrent que le modèle peut simuler les valeurs mesurées relativement bien. Le comportement futur du sol en affaissement
causé par le retrait de l’eau souterraine est prédit et discuté en considérant les variations pour les prochains 30 ans pour les
paramètres suivants : le volume net d’eau souterraine retiré, la couche de pompage et la région de pompage.

Mots‐clés : pompage de l’eau souterraine, affaissement du sol, écoulement de l’eau souterraine en trois dimensions, consoli-
dation en une dimension, prédiction.

[Traduit par la Rédaction]

Introduction

Shanghai is located near the estuary of the Yangtze River
and is surrounded by Jiangsu Province and Zhejiang Province
to the north and west, Hangzhou Bay in the south, and the
East China Sea in the east, as illustrated in Fig. 1 (Xu et al.
2009a). The land region of Shanghai is a deltaic deposit of
the Yangtze River with an area of about 6340 km2. The ele-
vation of the ground surface of Shanghai ranges from 2.2 to
4.8 m above sea level, and the elevation of the eastern part is
slightly higher than that of the western part (SGEAEB 2002).
The quaternary soft deposit of Shanghai is composed of re-
chargeable aquifers and aquitards with low hydraulic conduc-
tivity. This formation of the groundwater system in Shanghai
is a so-called multi-aquifer-aquitard system (MAAS) (Xu et
al. 2009a). The thickness of the soft deposit ranges from
100 to 300 m with a maximum of about 400 m. High quality
groundwater is buried in the deeper aquifers (Lu 1994;
SGEAEB 2002; Gong 2009). The first deep well recorded in

official documents to withdraw groundwater for domestic use
was installed in 1860 (SGEAEB 2002). With the develop-
ment of industry, groundwater from aquifers to be extracted
for industrial use has gradually increased since 1921
(SGEAEB 2002; Xu et al. 2008). Measurement and monitor-
ing of the land subsidence in Shanghai started in 1921, and
up to the present, the maximum recorded accumulative subsi-
dence has reached 3 m. To control the subsidence in Shang-
hai, limitation of net withdrawn volume has been conducted
since the mid-1960s (SGEAEB 2002; Chai et al. 2004; Xu
et al. 2008). Subsidence was controlled within the allowable
value till to the mid-1980s. However, since 1989, the rate of
subsidence increased again and caused serious infrastructure
problems (Chai et al. 2004; Gong 2009; Xu et al. 2009a).
To predict and (or) prevent subsidence, various prediction

methods on land subsidence have been proposed (e.g., statistical
method (Hozler et al. 1984), one-dimensional (1D) numerical
method (SGO 1976; Qian and Gu 1981; Chai et al. 2005),
quasi three-dimensional (3D) seepage method (Harada and
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Yamanouchi 1983; Giao and Ovaskainen 2000; Li et al.
2000), and model based on 3D groundwater seepage (Gam-
bolati and Freeze 1973; Shen et al. 2006; Xu et al. 2007)).
Prediction of land subsidence in Shanghai started 30 years
ago (SGO 1976). Qian and Gu (1981) employed 1D consol-
idation theory to calculate the subsidence in Shanghai. Li et
al. (2000) presented a quasi-3D model to predict land subsi-
dence and exploitable volume of groundwater, in which
groundwater seepage in aquifer is simulated in two-dimensional
(2D) condition horizontally and compression of aquitards is
simulated in 1D vertical consolidation. Shi et al. (2008)
presented a coupled two step model to predict the subsi-
dence via considering the groundwater seepage in 3D and
compaction in 1D. Chai et al. (2005) considered the subsi-
dence at one place in Shanghai due to drawdown of the
groundwater level and predicted future subsidence by assuming
the several drawdown scenarios. In Chai et al.’s (2005)
analysis, coupled 1D consolidation analysis was adopted, in
which soft clay in aquitards was simulated in a modified
Cam-clay model. When the calculated results were com-
pared with the field data, the results show that the predicted
results can simulate the field measured values well. How-
ever, 1D simulation can only obtained the result at one
point and cannot obtain the spatial distribution of groundwater
seepage and land subsidence over all the area of Shanghai.
Moreover, the distribution of pumping wells cannot be si-
mulated.

The objective of this study is to predict the future possible
land subsidence in Shanghai using numerical analysis accord-
ing to assumed scenarios of groundwater pumping. The nu-
merical model incorporates 1D consolidation into a 3D
seepage model of groundwater flow. Prediction on the future
land subsidence is conducted via considering the variation of
the volume of groundwater, pumping layer, and pumping re-
gion through reallocation of pumping wells.

MAAS in Shanghai

In accordance with marine transgression and tectonic
movement during the Holocene era, Shanghai gradually took
its shape as a flat coastal plain (SGEAEB 2002; Xu et al.
2009a). The elevation of the ground surface ranges from 2.2
to 4.8 m (based on the Wusong elevation system), and the
elevation of the eastern part is a little higher than that of the
western part (SGO 1979; SGEAEB 2002). The geomorphol-
ogy is basically an alluvial plain. There exist some residual
bedrock outcrops, which scatter in isolated hills at the south-
west part, and the bedrock outcrops have a total area of about
2.5 km2 (SGEAEB 2002; Xu et al. 2009a). Most of the bed-
rock is buried under quaternary sediments more than 300 m
deep. Figure 2 shows the sectional view of the Shanghai
MAAS (Xu et al. 2009a). As shown in this figure, the
Shanghai MAAS is composed of a phreatic aquifer group
(hereinafter labeled Aq0), which includes a phreatic aquifer

Fig. 1. Plan view of district division of Shanghai Administration Region and location of cross section (modified from Xu et al. 2009a).
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(hereinafter labeled as Aq01) overlying a low-pressure arte-
sian aquifer (hereinafter labeled as Aq02), and five confined
aquifers (hereinafter labeled AqI–AqV). Aquifers are sepa-
rated by six aquitards (hereinafter labeled AdI–AdVI). Soft
deposits are mainly composed of clay, silt, and sand, which
has gradually accumulated during the quaternary and tertiary
eras (since three million years B.P. (Xu et al. 2009a)). Most
of the bedrock is impermeable igneous rock, which is part of
the Neogene Formation. However, in some locations there is
limestone with fissures, which makes the bedrock water-bearing
(SGEAEB 2002; Xu et al. 2009a). Based on the data re-
ported by the Shanghai Geology Office (SGO 1976; 1979),
an illustrative soil profile with some available physical and
mechanical properties is given in Fig. 3 (Chai et al. 2004;
Xu et al. 2009a). Values of hydraulic conductivity given in
Fig. 3 are determined from oedometer tests as recom-
mended reference values by the Shanghai Construction and
Management Commission for site investigation in Shanghai
(SCAMC 2002). The detailed description on the properties
of each aquifer and aquitard can be found in previous pub-
lications by the authors (Xu et al. 2009a, 2009b).

Groundwater withdrawal and land
subsidence in Shanghai
Groundwater from aquifers has been extracted for indus-

trial and domestic use since 1860 in Shanghai. Table 1 tabu-
lates the amount of withdrawn volume of groundwater and
stages of subsidence in Shanghai. Figure 4 illustrates the dis-
tribution of deep wells for groundwater withdrawal during the
period from 1949 to 1963 (Zhang and Wei 2005). Figure 5
illustrates the distribution of groundwater withdrawal wells
during the period from 1990 to 2000 (SGEAEB 2002; Xu
2010). Figure 6 shows the surface subsidence curves since
1921 for some benchmarks at the center of Shanghai. Loca-
tions of the benchmarks are shown in Fig. 1. Figure 7 gives
the amount of groundwater pumped and recharged from 1961
to 2006. Before 1965, the subsiding rate was fast, and after
1965, the subsiding rate was reduced dramatically. Compar-
ing Fig. 6 with Fig. 7, it can be seen that the dramatic reduc-
tion of the subsiding rate corresponds to a significant
reduction in the groundwater pumping rate (Chai et al.
2004). Figure 8 shows the amount of groundwater pumped
from each aquifer in Shanghai. Before 1965, groundwater
was mainly pumped from AqII and AqIII. After 1965, the
layers of groundwater pumping were shifted to AqIV and

AqV based on the thought that the compressibility of the
deeper soil layers is lower than that of the upper layers. Var-
iation of the volume of groundwater pumped from each aqui-
fer resulted in a change in groundwater level in each aquifer.
The aforementioned description gives a rough picture of the
rate of land subsidence, net groundwater pumping volume,
and the water level in each aquifer.

Analytical method

Consolidation due to change in effective stress
Based on the effective stress concept (Terzaghi 1925), total

stress, effective stress, and hydraulic head have the following
relationship:

½1� s 0 ¼ s � gwH

where s′ is the effective stress; s is the total stress; gw is the
unit weight of water; H is the hydraulic head.
When the groundwater head is drawdown, s′ will change

with the hydraulic head.

½2� ds 0 ¼ ds � gwdH

Based on Terzaghi’s 1D consolidation theory, during with-
drawal and (or) recharge of groundwater from an aquifer, to-
tal vertical pressure is constant and thereby

½3� ds 0 ¼ �gwdH

The relationship between the stress increment and the
strain increment is express as

½4� d3 ¼ �mvds
0

where mv is the the coefficient of volume compressibility of
the soil.
Combining eqs. [3] and [4], the following relationship be-

tween strain change and change of hydraulic head with time
is obtained:

½5� @3

@t
¼ gwmv

@H

@t

As shown in eqs. [3]–[5], the withdrawal of groundwater
results in drawdown of the aquifer water table, decrease of
hydraulic head, and increase in effective stress. Consequently,
consolidation occurs, and when the consolidated compression
is transferred to the ground surface land subsidence happens.

Fig. 2. Sectional view of hydrogeological profile of Shanghai (modified from Xu et al. 2009a).
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Governing equation of groundwater flow
The governing equation for the seepage in a porous me-

dium is denoted (Gambolati and Freeze 1973)

½6� rðKijrHÞ � q ¼ gwnb
@H

@t
þ @3

@t

where ∇ is the Laplace operator; Kij is the tensor of hydrau-
lic conductivity, i, j = 1, 2, 3; q is the source–sink flux; n is
the porosity, n = e/(1+e) where e is the void ratio; b is the
coefficient of volumetric compressibility of water; 3 is the
strain; t is time.
Substituting eq. [5] into eq. [6], the governing equation for

3D groundwater flow becomes (Bear 1979; Shen et al. 2006)

½7� rðKijrHÞ � q ¼ gwðnbþ mvÞ @H
@t

¼ Ss
@H

@t

where i, j = 1, 2, 3; Ss is the coefficient of specific storage.

The coefficient of specific storage, Ss, is denoted

½8� Ss ¼ wðmv þ nÞ
Under the condition that the pressure of groundwater is not

high, the compression of water can be ignored because the
compression of water is very small compared with the com-
pression of soil, or b = 0. Therefore,

½9� Ss � gwmv

Subsidence calculation
Compression of soil layers with time can be obtained from

Terzhaghi’s 1D consolidation equation as expressed

½10� @u

@t
¼ k

mvgw

@2u

@z2
¼ Cv

@2u

@z2

Table 1. Development of land subsidence and groundwater pumping in Shanghai (data from SGO 1976; SGEAEB 2002).

Land subsidence and groundwater pumping period

Years Stage Phase Rst As Vg

Developing period 1921–1965
1921–1948 Subsidence development; groundwater

initial pumping
— 22.8 19.3 9

1949–1965 Subsidence accelerated; groundwater
sufficient utilization

Acceleration (1949–1956) 40.3 26.7 104

Serious (1957–1961) 98.6 92.8 176
Alleviation (1962–1965) 59.3 No new increase 156

Controlled period 1966–2005
1966–1971 Slightly rebound; pumping reducing

and recharging
— –3 No new increase 71

1972–1989 Slightly subsidence; pumping aquifer
adjusting

— 3.5 No new increase 105

1990–2005 Subsidence acceleration; pumping
area changing

— 15 Expand to suburb 140

Note: Rst, average subsiding rate (mm/year); As, area of subsidence > 500 mm (km2); Vg, average amount of groundwater pumping (× 106 m3/year).

Fig. 3. Illustration of soil profile of Shanghai (modified from Chai et al. 2004). wn, water content; wl, liquid limit; wp, plastic limit; gt, unit
weight; e0, void ratio; Cc, compressive index; kv, hydraulic conductivity in vertical direction.
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where k is the current hydraulic conductivity; Cv is the con-
solidation coefficient.
Variation of effective vertical stress at any elapsed time, Dsz

(t), can be calculated based on variation of groundwater head,
DH(t), which can be calculated from eq. [7]. Therefore, the
compression of soil layer, S(t), at any elapsed time, t, can be ex-
pressed as a function of the hydraulic head (Shen et al. 2006)

½11� SðtÞ ¼ mvDszðtÞHT � SsDHðtÞHT

where, HT is the thickness of calculated soil layer.

Thus, we can calculate the compression of soil layer with
variation of the hydraulic head from the specific storage, Ss.
The value of land subsidence can be calculated by accumu-
lating the compression of soil layers.

½12� Ssub ¼
Xm
i¼1

SðtÞ ¼
Xm
i¼1

SsiHTiDHiðtÞ

Shen et al. (2006) compared the consolidation compression
by using the aforementioned approach with the result from an
oedometer test. It was confirmed that the proposed approach
is suitable for solving engineering problems.

Variation of parameters in flow model
During consolidation, changes in effective stress and void

ratio cause changes in consolidation parameters. Previous
studies from the literature showed that, in the simulation of
land subsidence induced by groundwater pumping, consider-

Fig. 4. Distribution of pumping wells from 1949 to 1963.

Fig. 5. Distribution of pumping wells during 1990 to 2005. Fig. 6. Measured subsidence curves of some benchmarks in the cen-
ter area of Shanghai (modified from SGEAEB 2002).
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ation of the change in the hydraulic conductivity and coeffi-
cient of volume compressibility of aquitards would result in
reasonable results (Neuman 1973; Helm 1976; Bethke and
Corbet 1988; Rudolph and Frind 1991).

Hydraulic conductivity
The variation in hydraulic conductivity due to consolida-

tion can be expressed as a function of void ratio. However,
variation behaviors of sandy and clayey soils are different.

For clayey soils in an aquitard, hydraulic conductivity
varies with void ratio, e, and is denoted by the Taylor (1948)
equation as follows:

½13� kðeÞ ¼ k010
�ðe0�eÞ=Ck

where k0 is the initial hydraulic conductivity; e0 is the initial
void ratio; Ck is a constant (= 0.5e0) (Tavenas et al. 1986).
The hydraulic conductivity for porous media (e.g., aquifer)

is influenced by following factors: particle size, composition,
degree of saturation, fabric, and void ratio (Lambe and Whit-
man 1979). For saturated sandy soil during consolidation,
particle size, composition, and degree of saturation remain
constant. Change in hydraulic conductivity is only related to
the void ratio, based on the Kozeny–Carman equation
(Kozeny 1927; Carman 1956), the hydraulic conductivity,
varied with void ratio, e, can be expressed as:

½14� kðeÞ ¼ k0
e

e0

� �3
1þ e0

1þ e

� �

Volumetric compressibility
The coefficient of volumetric compressibility, mv, for

clayey soil in aquitards depends on the effective stress and is
expressed as

½15� mv ¼ 0:434C 0

ð1þ eÞs 0
v

where C′ is the slope of the e-logP curve (when s′ < Pc, C′ =
Cs = unloading slope; when s′ > Pc, C′ = Cc = compres-
sion index, where Pc is the pre-consolidation pressure); s 0

v

is the vertical effective stress.
Sandy soil is in an elastic state when the change of effec-

tive stress induced by the change of groundwater level is less
than its yield stress. Therefore, for sandy soil in an aquifer,
the coefficient of volumetric compressibility, mv, is consid-
ered to be a constant value, which can be calculated from
Young’s modulus and Poisson’s ratio as follows (Budhu
2000):

½16� mv ¼ ð1þ mÞð1� 2mÞ
ð1� mÞE

where m is Poisson’s ratio, E is Young’s modulus.

Numerical scheme
In this study, a numerical method was employed to discre-

tize the governing equation, eq. [7]. In the numerical scheme,
a finite element method (FEM) was employed to discretize
the geometric range (spatial domain) and a finite difference
method (FDM) was employed for temporal discretization
(Shen et al. 2006). In FEM, the analyzed domain is discre-
tized into prism elements with multifaces, including eight-
noded isoparametric elements and six-noded isoparametric el-
ements. The variable is the hydraulic potential and is set at
the node. The distribution of hydraulic head in the element
is calculated approximately from the node value through an
interpolation function. To eliminate the residual in the do-
main, the Galerkin method was employed so that the interpo-
lation function is the same as the shape function. The
element matrix is developed to relate the nodal variables of

Fig. 7. Volume of groundwater pumped and recharged: (a) withdra-
wal; (b) recharge.

Fig. 8. Volume of groundwater pumped from each aquifer.
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each element. The element matrices are assembled to form a
set of algebraic equations that describe the entire system. In
the assembling of the entire matrix, a preconditioned conju-
gated gradient (PCG) was used for the allocation of each
node (Neuman et al. 1982; Nishigaki 2002).
In the calculated duration, time is divided into small tem-

poral steps. In FDM, to integrate the right side of eq. [7], the
center difference method is used, that is, the difference
weight parameter for each time step is equal to 1/2 (Nishigaki
2002). For the specific storage matrix, the lumped matrix
method was employed (Neuman 1973).

Limitation of the method
The method employed in this study works only under the

following limitations: (i) as it only considers the soil defor-
mation vertically (1D) and there is no 3D stress–strain rela-
tionship, it cannot consider horizontal displacement with the
effect on vertical compression; (ii) it cannot consider the
creep behavior of soft clayey soil and (or) visco-plastic be-
havior of soil (Yin and Graham 1994, 1996). In this study,
the consolidation analysis of clay strata is based on Terza-
ghi’s 1D consolidation theory, which assumes that soil be-
havior is elastic. In fact, the stress–strain relationship of
clayey soil is demonstrated to be elasto-plastic and viscous
in nature (Yin 1999; Yin and Zhu 1999). Yin and Graham
(1999) established a 1D elastic viscoplastic model and gener-
alized for triaxial stress states to analyze the time-dependent
stress–strain behavior of soils. Furthermore, real soil defor-
mation is in 3D. Employing Biot’s 3D consolidation theory,
not only the seepage can be calculated as accurately as possi-
ble, but also an elasto-plastic constitutive relationship can be
incorporated into this theory. It is necessary to establish a
fully coupled model considering elasto-plastic and viscous
conditions of the clay soil to predict land subsidence. How-
ever, the calculation of large-scale land subsidence in a fully
coupled elastic visco-plastic 3D model needs more computer
resources and as accurate soil parametersl as possible. There-
fore, more detailed field and laboratory investigations on soil
properties at each point should be conducted, which con-
sumes human and natural resources and becomes uneconom-
ical. In engineering practice, it is impossible to get the
geotechnical information at each point. A fully coupled elastic
visco-plastic 3D model is difficult to use in practice and there
are only a few applied cases as of today. For simplicity, the
present method was employed and is much more cost effective.

Calculation model of land subsidence in
Shanghai

Calculation range and mesh
The calculation range includes the south part of the Shang-

hai Administration Region (excluding Chongming Island)
and some areas of Jiangsu and Zhejiang provinces, as shown
in Fig. 9. The FEM mesh in the plan is set at 5 km size in
the outside region (see Fig. 9). However, around the outskirts
and urban areas it was set at 2.5 and 1.25 km size, respec-
tively. Figure 10 shows the 3D FEM mesh for the modeling
on the groundwater seepage and land subsidence. To check
the effect of size and shape of the mesh on the numerical re-
sults, sensitive analysis is conducted through the following
four schemes: (i) present mesh size in the centre part is small

and gradually enlarged to the outer side, with element type
varied from eight-noded element to six-noded element for
transition; (ii) eight-noded elements with fine size, such as
those of interior elements of the present mesh (1.25 km in
horizontal direction); (iii) eight-noded elements with small
size, such as those of interior elements of the present mesh
(2.5 km in horizontal direction); (iv) eight-noded elements
with small size, such as those of outer element elements of
the present mesh (5 km in horizontal direction). The results
show that the maximum difference between mesh schemes
(i) and (iv) is about 10%. However, the difference among
mesh schemes (i), (ii), and (iii) is less than 1.0%. Thus, the
adopted scheme for mesh size and shape is accurate enough
for MAAS of Shanghai.

Initial and boundary conditions
The phreatic water level is set as 1.0 m below the ground

surface (Chai et al. 2005). Therefore, the initial hydraulic
head at the top is about 2.0–3.5 m. Over the sea, the hy-
draulic head is the sea surface and it is set as 0.0 m. It was
assumed that at 1921, the water pressure in each aquifer was
the same as the static water pressure for the periphery boun-
dary. It is difficult to determine the ground water head at the
periphery because the ground water extraction activity is con-
ducted both in Jiangsu and Zhejiang provinces. However, in
this study, the concern place is in the urban center and Pu-
dong New Development Area (PNDA). The west and north
boundaries are so far that the effect is thought negligible. On
the land periphery, it is set as the constant head at the ground
surface.
The place of groundwater extracted at plan is shown in

Fig. 9 and groundwater was extracted from AqII to AqIV at
each node in the vertical direction. The withdrawn volume of
groundwater at different regions from each aquifer was as-
sumed based on Figs. 7 and 8. Then, the regionalization vol-
ume of groundwater pumped from each aquifer is evenly
distributed to each node of the pumped well. The hydraulic
head at each node can be calculated using the governing
equation for 3D groundwater flow (see eq. [7]). The variable
is the hydraulic head and is set at the node. Variation of ef-
fective vertical stress at any elapsed time can be calculated
based on variation of the hydraulic head. To compare between
calculated and measured results, four benchmarks 0-264,
0-282, 0-283, and 0-301 (see Figs. 4 and 9) were selected.

Soil parameters
The water table of phreatic water is 0.3–1.5 m under the

ground surface, and it changes with rainfall and tide. Soil pa-
rameters (see Fig. 3) of the hydro-geological layers in the
borehole J1 at Huacao (see in Fig. 1) are used in this analysis
(Xu et al. 2007). Table 2 tabulates the initial values of the
parameters used in the analysis. The values of hydraulic con-
ductivity for clayey soil given in Table 2 are based on the
oedometer tests and for sandy soil in the aquifer are based
on the values recommended by the Shanghai Construction
Committee (SCAMC 2002; Chai et al. 2005). There are no
data available on the value of kv for each aquifer layer. The
AqI is a fine sand layer with an initial value of kv of about
9 × 10–6 m/s. Based on the test results of pumping tests, hy-
draulic conductivity for AqII–AqV was established to be
around 10–4 m/s. There are very few test data for the deeper
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aquitards. The kv values of the shallow aquitards were calcu-
lated from the kv values of AdI (Chai et al. 2005). The hori-
zontal hydraulic conductivity, kh, is equal to 2∼3 times the
vertical hydraulic conductivity, kv. The coefficient of specific
storage, Ss, at initial state is calculated from the coefficient of
volumetric compressibility, mv, as shown in eq. [9].

The initial value of mv is determined by oedometer test at
the in situ stress state of the soil layer during consolidation.
During consolidation, kv is varied with the void ratio as
shown in eq. [13] for clayey soil and eq. [14] for sandy soil,
mv is varied with the in situ stress state for clayey soil as
shown in eq. [15].

Fig. 9. Locations of groundwater withdrawal nodes in FEM mesh.

Fig. 10. 3D finite element mesh (data from Xu et al. 2007).
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Results and discussion

Subsidence
Figure 11 shows the calculated subsidence at benchmarks

0-264, 0-282, 0-283, and 0-301 from 1920 to 2000. Before
1949, land subsidence developed slowly, and the impact on
the environment was relatively small. The rate of land subsi-
dence had increased greatly since 1949 because of the in-
crease in the pumping volume of groundwater. The
subsidence curve becomes flat after 1965, as shown in
Fig. 11, as groundwater extraction was limited after 1965.
Comparison between the measured and calculated values in-
dicates that the model simulated the measured data fairly
well. Figure 12 is a cumulative subsidence contour in 3D
from 1920 to 2005. The discrepancies between the calculated
and the measured values may be due to the following ne-
glected factors: (i) limitation of the model (e.g., 3D consoli-
dation); (ii) creep (elastic visco-plastic) behavior of soils;
(iii) real distribution of wells; (iv) modification of soil param-
eters because of the existence of underground structures (Jiao
et al. 2006); (v) urbanization-induced settlement (Xu 2010).

The quantitative effects on subsidence from these factors
need to be further investigated.

Groundwater level
Figure 13 depicts the drawdown of groundwater in AqII.

As shown in Fig. 13, the maximum drawdown for AqII was
about 1.0 m in 1921 (Fig. 13a). With the increase of with-
drawn range and intensity of groundwater, the maximum
drawdown reached 14.0 m in 1965 (Fig. 13b). As ground-
water was recharged in 1966, the water level presents an as-
cending trend. In 2005, the maximum drawdown recovered to
about 10.0 m (Fig. 13c). Figure 13 also shows that the maximum
drawdown of groundwater occurs in an urban area. This result
indicates that the water level variation in aquifers is closely re-
lated to the groundwater withdrawal volume and region.

Groundwater flow vector
Figure 13 also plots groundwater flow vectors in AqII in

1921, 1965, and 2005. It can be found that the groundwater
flowed from west to east before 1965 (Fig. 13a to Fig. 13b),

Table 2. Initial values of parameters used in consolidation analysis (Xu et al. 2007).

Layer e E (kPa) mv (1/kPa) C′ kv (m/day) kh (m/day) Ss (m–1)
Phreatic aquifer 1.20 — 3.95 × 10–5 0.30 4.32 × 10–3 1.08 × 10–2 3.75 × 10–3

Low-pressure
artesian aquifer

1.00 — 4.34 × 10–4 0.30 4.32 × 10–3 1.08 × 10–2 3.75 × 10–3

Aquitard I 1.05 — 3.52 × 10–4 0.25 1.60 × 10–3 4.01 × 10–3 1.67 × 10–3

Aquifer I 0.78 51 300 1.95 × 10–5 — 1.04 × 100 2.59 × 100 9.67 × 10–5

Aquitard II 0.85 — 3.28 × 10–4 0.21 2.34 × 10–3 5.85 × 10–3 6.30 × 10–3

Aquifer II 0.82 101 300 9.87 × 10–6 — 8.64 × 100 2.16 × 101 9.67 × 10–5

Aquitard III 0.78 — 1.95 × 10–4 0.12 1.65 × 10–3 4.13 × 10–3 2.64 × 10–3

Aquifer III 0.71 116 500 8.58 × 10–6 — 8.64 × 100 2.16 × 101 8.41 × 10–5

Aquitard IV 0.68 — 2.41 × 10–4 0.14 9.85 × 10–4 2.46 × 10–3 2.22 × 10–3

Aquifer IV 0.66 159 500 6.27 × 10–6 — 8.64 × 100 2.16 × 101 6.14 × 10–5

Aquitard V 0.62 — 1.61 × 10–4 0.09 7.26 × 10–4 1.81 × 10–3 9.53 × 10–5

Aquifer V 0.64 201 300 4.97 × 10–6 — 8.64 × 100 2.16 × 101 4.87 × 10–5

Aquitard VI 0.62 — 1.61 × 10–4 0.09 7.26 × 10–4 1.81 × 10–3 6.90 × 10–5

Fig. 11. Comparison between measured and calculative subsidence in Shanghai from 1920 to 2000.
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and groundwater flowed from surroundings to center in 2005
(Fig. 13c), indicating that the groundwater supply path
changed. The natural groundwater supply in Shanghai comes
from neighboring provinces (e.g., Jiangsu and Zhejiang prov-
inces). After long-term groundwater pumping, the replenish-
ment of groundwater comes from groundwater reservoirs of
the East China Sea continental shelf, and groundwater flows
from land and sea to urban areas. The replenishment area has
been enlarged accompanied by the groundwater withdrawal
volume and region. This simulated result is consistent with
the field-observed phenomena (Lu 1994).
Groundwater flow vectors of other aquifers (AqIII–AqV)

are plotted in Fig. 14. Groundwater flow trends in these three
Aquifers are similar to that in AqII. The most different
groundwater flow is in the Jinshan District because of differ-
ent geological conditions, in which some outcrops exist.

Prediction of future behavior
To predict the future behavior of subsidence, the scenarios

(see Table 3) are assumed by considering the following
changes: (i) volume of withdrawn and recharged ground-
water; (ii) pumping layer; (iii) pumping region (urban to sub-
urban and coastal area), in which more attention was paid to
the subsidence development in Pudong New Area. The pre-
diction to 2035 is based on the pattern of groundwater pump-
ing and recharge in 2005. The pumping and recharge in 2005
was already presented in the previous publication (Xu et al.
2007). Groundwater withdrawal volume was 0.745 × 108 m3

and groundwater recharge volume was 0.150 × 108 m3 in
2005 and thereby the net withdrawal volume was 0.595 ×
108 m3. The detailed groundwater withdrawal volume and
subsidence of different prediction plans as listed in Table 4.

Control of withdrawn–recharged volume of groundwater

Plan 1-1: Maintaining withdrawn–recharged volume of
2005
This plan keeps the well location and follows the with-

drawal and recharge volume from 2005. Figure 15 shows the
predicted subsidence at benchmarks from 2006 to 2035. Be-

cause withdrawal and recharge volumes are kept constant
during this period, subsidence increases linearly. If land sub-
sidence was controlled as 28.7 mm/a, the calculated net with-
drawal volume would be 0.595 × 108 m3. The predicted result
for allowable withdrawn volume is approximately equal to the
value estimated by the field observed result (Shen et al.
2005). Shen et al. (2005) proposed a method to predict the
allowable withdrawal volume of groundwater in a special
geological condition. This statistical method is based on the
field data of groundwater recharge and observed land subsi-
dence under the condition without groundwater recharge be-
fore 1965. However, this statistical method based on
regression analysis is not applicable to predict net withdrawal
volume in the future. Thus, the numerical model shows its
power to predict future behavior. Figure 16 shows the pre-
dicted cumulative subsidence contour in 2035. The maximum
accumulated subsidence reaches 1.2 m, which occurs in the
Pudong New Area, whereas the land subsidence in urban
areas ranges from 0.5 to 1.0 m. Figure 17 shows groundwater
flow vectors and contour of groundwater drawdown for AqII
in 2035. Replenishment sources include groundwater both
from urban and surrounding areas.

Plan 1-2: Maintaining recharged volume but reducing
withdrawn volume
In this plan, groundwater recharged volume remains con-

stant, equal to 0.150 × 108 m3. The withdrawn volume de-
creases by 5%/a and reaches 0.21 × 108 m3 in 2035. The
maximum land subsidence takes place in Pudong New Area
and reaches 0.4 m.

Plan 1-3: Maintaining withdrawn volume but increasing
recharged volume
In this plan, groundwater withdrawn volume remains con-

stant, equal to 0.745 × 108 m3, and recharged volume is in-
creased by 5%/a and reaches 0.51 × 108 m3 in 2035. The
maximum land subsidence takes place in Pudong New Area
and reaches 0.75 m.
Figure 18 shows the predicted subsidence of benchmark 0-

283 of plan 1 in Shanghai from 2006 to 2035. It is shown
that the decrease of groundwater withdrawn volume or in-

Fig. 12. Accumulated subsiding cone and contour in 3D in 2005. Settl., settlement.
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Fig. 13. Groundwater flow vectors and contour of groundwater
drawdown for AqII in (a) 1921; (b) 1965; (c) 2005.

Fig. 14. Groundwater flow vectors and contour of groundwater
drawdown in 2005: (a) AqIII; (b) AqIV; (c) AqV.
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crease of recharged volume can mitigate land subsidence.
From Fig. 18, it can also be found that, after 2025, some re-
bound happened in plans 1-2 and 1-3. Moreover, plan 1-2 re-
sults in the smallest subsidence whereas plan 1-1 results in
largest subsidence.

Shifting groundwater pumping layer

Plan 2-1: Groundwater withdrawn–recharged in AqII and
AqIII
In this plan, the ratio of groundwater withdrawn–recharged

volume in AqII to that in AqIII is one to one. Groundwater
withdrawn volume is 0.373 × 108 m3, and recharged volume

is 0.075 × 108 m3 in AqII and AqIII, respectively. AqIV and
AqV have no groundwater withdrawal and recharge.

Plan 2-2: Groundwater withdrawn–recharged in AqIV and
AqV
In this plan, the ratio of groundwater withdrawn–recharged

volume in AqIV to that in AqV is one to one. Groundwater
withdrawn volume is 0.373 × 108 m3, and recharged volume
was 0.075 × 108 m3 in AqIV and AqV, respectively. AqII
and AqIII have no groundwater withdrawal and recharge.

Table 3. Assumed scenarios in prediction of future behaviors of subsidence.

Scenario Plan Content descriptions
1: Groundwater withdrawn–recharged volume 1-1 Keeping withdrawn–recharged volume of 2005

1-2 Keeping recharged volume but changing withdrawn volume
1-3 Keeping withdrawn volume but changing recharged volume

2: Shifting groundwater pumping layer 2-1 Groundwater withdrawn–recharged in Aquifer II and III
2-2 Groundwater withdrawn–recharged in Aquifer IV and V
2-3 Groundwater recharge in Aquifer II and III and groundwater withdrawal in Aquifer

IV and V
3: Changing groundwater pumping region 3 Withdrawn wells allocated along the coastal regions

Table 4. Comparison of predicted subsidence from different plans.

Groundwater withdrawn volume
(× 108 m3) in 2030

Groundwater recharged volume
(× 108 m3) in 2030

Prediction
scenario Plan AqII AqIII AqIV AqV Total AqII Aq III AqIV AqV Total

Accumulative subsidence at
benchmark 0-283 in 25 years (m)

Plan 1 1-1 0.037 0.119 0.454 0.134 0.745 0.104 0.036 0.011 0.000 0.15 0.749
1-2 0.011 0.034 0.128 0.038 0.21 0.104 0.036 0.011 0.000 0.15 0.106
1-3 0.037 0.119 0.454 0.134 0.745 0.352 0.122 0.036 0.000 0.51 0.079

Plan 2 2-1 0.373 0.373 0 0 0.745 0.075 0.075 0 0 0.15 0.720
2-2 0 0 0.373 0.373 0.745 0 0 0.075 0.075 0.15 0.765
2-3 0 0 0.373 0.373 0.745 0.075 0.075 0 0 0.15 0.686

Plan 3 3 0.037 0.119 0.454 0.134 0.745 0.104 0.036 0.011 0.000 0.15 0.566

Fig. 16. Predicted cumulative subsidence contour in 2035 (plan 1-1).Fig. 15. Predicted subsidence of benchmarks in Shanghai from 2006
to 2035 (plan 1-1).
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Plan 2-3: Recharge in AqII and AqIII and withdrawal in
AqIV and AqV
In this plan, the ratio of groundwater withdrawal volume in

AqIV to that in AqV is one; the ratio of recharged volume in
AqII to that in AqIII is one. The groundwater withdrawn vol-
ume is 0.373 × 108 m3 in AqIV and AqV, and recharged vol-
ume is 0.075 × 108 m3 in AqII and AqIII.
Figure 18 also shows the predicted subsidence of bench-

mark 0-283 of plan 2 in Shanghai from 2006 to 2035. It can
be seen that the land subsidence of plan 2-2 is larger than
that of plan 2-1. This observation indicates that groundwater
withdrawal and recharge only in AqIV and AqV will not mit-
igate the land subsidence. It is clearly shown that the land
subsidence of plan 2-3 is the smallest among these three
plans, indicating that recharge in AqII and AqIII and with-
drawal in AqIV and AqV is a good idea to mitigate land sub-
sidence.

Changing groundwater pumping region

Plan 3: Wells moving to coastal regions
This plan keeps withdrawal–recharge volume and pumping

aquifers but changes the location of withdrawn wells. Ac-
cording to the calculated result in plan 1, the maximum sub-
sidence occurs in the Lujiazui Area, which is the economical
center of Shanghai. In the Lujiazui Area, the land subsidence
must be controlled to a very small value. Therefore, plan 3
assumes that the pumping wells move to the coastal region,
as shown in Fig. 19. Two points (point A, which is out of
the withdrawal area; and point B, which is within the with-
drawn area) are selected for the comparison with plan 1-1.
Land subsidence at these two points in plan 3 are both larger
than plan 1-1, while subsidence of benchmark 0-283 in plan
3 is smaller than that in plan 1-1, as shown in Fig. 20. Figure
21 shows the predicted cumulative subsidence contour in
2035, and Fig. 22 shows the groundwater flow vectors and
drawdown contour of AqII in 2035. In plan 3, the maximum
subsidence happens in the withdrawn area, and the subsiding
area is smaller than that with plan 1-1. That is because of the
replenishment of seawater. This can also be observed from
Fig. 21. The groundwater replenishment area includes urban
and withdrawal areas, which is different from plan 1.
The calculated result indicates that the countermeasures for

subsidence control in Shanghai include change of pumping
layer and adjustment of withdrawn region. However, if the
withdrawal well is allocated in the coastal region, seawater
will flow into land area to supply groundwater, which will
exacerbate the groundwater quality and cause seawater intru-
sion and (or) coastal erosion.

Conclusions
A finite element calculation model is established to esti-

mate land subsidence due to withdrawal of groundwater in
Shanghai. The model is an integrative model and considers
3D groundwater seepage and 1D consolidation. The follow-
ing conclusions can be drawn:

1. The model considers the formation of the MAAS of the soft
deposit of Shanghai. The model simulates the variation
of the coefficient of volumetric compressibility and hy-
draulic conductivity with the consolidation process. The
calculated value of land subsidence using the proposed
model simulates the measured value fairly well.

2. The results indicate that groundwater flowed from land to
sea before 1965, while groundwater flowed from sea to
land in 2005, indicating that the replenishment sources of
groundwater changed. This may cause seawater intrusion
hazards.

3. The simulated results show that there exists an obvious
drawdown cone of groundwater head in urban regions of
Shanghai. The maximum drawdown of groundwater
head was about 14 m after 45 years since 1921. The
groundwater recharge starting from 1966 mitigates the
drawdown of the water table.

4. In the case that land subsidence is controlled within
28.7 mm, it is suggested that the net withdrawal ground-
water volume is about 0.595 × 108 m3 in urban areas.

5. Both reducing withdrawal volume and increasing recharged
volume can control land subsidence. However, to satisfy

Fig. 18. Predicted subsidence in Shanghai from 1999 to 2035 (plans
1-1–1-3 and plans 2-1–2-3).

Fig. 17. Groundwater flow vectors and contour of groundwater
drawdown for AqII in 2035 (plan 1-1).
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the requirement of groundwater for industrial use in
Shanghai, it is impossible to reduce groundwater with-
drawal volume dramatically so it is better to increase
the recharged volume.

6. Changing groundwater withdrawn–recharged layers is an
effective way to control land subsidence. This change
can be conducted through withdrawal in AqIV and AqV
and recharge in AqII and AqIII.

7. Even if the pumping wells move to a suburb region, sub-
sidence will still occur in the urban center. One of the
reasons for this is the reduction of replenishing water
from surroundings.
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