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Abstract. Shanghai city has been suffering land subsidence caused by overly exploitation of ground water since
1921, which is a serious problem for this coastal city with altitude of 2.2—-4.8 m above mean sea level. The largest
cumulative land subsidence amounted to 2.6 m in the downtown area. Measures to decrease the ground water
exploitation, change the pumping aquifers, and increase aquifer artificial recharge have been used to mitigate
land subsidence since 1961. It is necessary to develop a proper numerical model to simulate and predict land
subsidence. In this study, a decoupled three-dimensional (3-D) finite element land subsidence model including a
3-D ground water flow model and a 3-D geo-mechanical model was developed to simulate the 3-D deformation
of the aquifer systems in the center area of Shanghai. The area of downtown Shanghai is 660 km?, with 10
million inhabitants, dense high buildings, and 11 metro lines. The simulation spans the period from 1979 to
1995. Two different assumptions have been tested on the side boundary, i.e., precluding the three components
of the displacement, or assuming a free-displacement condition. The distribution of calculated land subsidence
and horizontal displacements in different aquifers was analyzed. The computed vertical displacement fitted well
with the available observations. It has been verified that the two different assumptions on the lateral boundaries
in the geo-mechanical model caused different results just limited on nodes close to boundary. The developed 3-D
land subsidence model is reasonable and can be used to simulate and predict 3-D movement of aquifer systems
in the center area of Shanghai, which could provide scientific support to local government in controlling land

subsidence and differential movements of the land surface.

1 Introduction

Anthropogenic land subsidence in Shanghai, which is in-
duced by excessive groundwater withdrawal, has been ob-
served over the last 94 years, i.e. since the year 1921 (Zhang
and Wei, 2002). Shanghai government started to set up ex-
tensive monitoring networks of groundwater levels and land
subsidence from the middle 1980s. Some earlier developed
models (Gu et al., 1990, 1991, 1993) were focused on the
shallow sedimentary layers, i.e. the upper 100 m depth above
the second confined aquifer, and did not consider the whole
aquifer system. Soil deformation was assumed one dimen-
sional (1-D). The researchers from the Nanjing University,
China, and the Shanghai Institute of Geological Survey have
conducted comprehensive studies on numerical modeling

of land subsidence since 2000. A regional land subsidence
model, composed of a three dimensional (3-D) groundwa-
ter flow module and a 1-D subsidence module embody-
ing complex visco-elasto-plastic deformation characteristics
with variable parameters, was developed and applied to sim-
ulate and predict land subsidence in Shanghai (Ye, 2004; Ye
etal., 2005; Xue et al., 2008; Shi et al., 2008; Wu et al., 2010;
Ye et al., 2011, 2012). The 3-D groundwater flow model is
used to calculate the time-dependent hydraulic heads in the
sedimentary sequence, and the 1-D subsidence model is used
to compute the time-dependent compaction of the sedimen-
tary layers and the cumulative land subsidence.

All the land subsidence models mentioned above are based
on the assumption of a 1-D deformation field in the verti-
cal direction. However, the actual soil deformation caused
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by groundwater withdrawal is fully three dimensional. The
deformation of an aquifer system caused by fluid withdrawal
is theoretically described by the 3-D fully coupled poroelas-
ticity model originally developed by Biot (1941). Because
of ill-conditioning and large CPU-time consume of coupled
models when applied to regional land subsidence problems,
uncoupling between the flow and the strain fields is usually
assumed in the classical groundwater hydrology. In an un-
coupled formulation, also known as a two-step or explic-
itly coupled approach (Teatini et al., 2010), the groundwa-
ter flow equation is first solved and then land subsidence is
computed solving the equilibrium equations with the ground-
water changes specified as an external distributed source of
strength within the porous medium.

A 3-D uncoupled land subsidence model is developed in
this study to simulate 3-D displacements caused by ground
water exploitation from the multiaquifer system in the cen-
ter area of Shanghai. Downtown Shanghai is bounded by the
outer ring road as shown in Fig. 1, with an area of 660 km?
and the largest cumulative land subsidence of 2 m since 1921.
This zone is the most important area in Shanghai, with the
densest 10 million population and concentration in high-rise
buildings, and crossed by 11 metro lines. Therefore, it is im-
portant to calculate the 3-D deformation of the aquifer sys-
tem caused by ground water exploitation to better evaluate
the possible impact on the underground infrastructures such
as metro lines, tunnels etc.

2 Model setup

In geomechanical investigations at regional scale, uncoupled
pressure — displacements solution can be safely used in pre-
dicting land subsidence in compacting sedimentary on any
time scale of practical interest (Gambolati et al., 2000; Tea-
tini et al., 2006, 2010). In this study, an uncoupled approach
is thus followed, with the flow field initially computed at each
time step and the deformation then calculated using the pore
pressure gradient as a known source of strength in the geome-
chanical model. The 3-D uncoupled land subsidence model
is expressed as (Verruijt, 1969):

_E (;8—8 + Vzux) _ar (1a)

2(14+v) \1—-2v ox 0x

ﬁ (ﬁz—i + Vzuz) = % (1c)
%(Kij%)zssz—lj +qi,j=x,y.2 (1d)

where E is the Young modulus, v is the Poisson ratio, u,,
uy and u, are the displacement components along the co-
ordinate axes x, y and z, respectively, ¢ is the incremental

H _ ou auy Buz - -
volume strain e = 5> + 5 T P is the incremental pore
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Figure 1. Location of the Shanghai City and the center area ad-
dressed in the presentmodelling study.

water pressure, which is equals to yy, - H with y the specific
weight of water and H the incremental hydraulic head, and
V2 is the Laplace operator. In Eq. (1d), K; ; is the hydraulic
conductivity tensor, ¢ is time, ¢ is the source/sink term, and
Ss is the specific storage Ss = yw (@ + nB), with « the verti-
cal oedometric compressibility, which is related to the Young
modulus and Poisson ratio through o = 51%"&:%2 n is the
medium porosity, and 8 the water volumetric compressibil-
ity. The parameter « is not constant and takes the elastic value
ake When the effective stress is less than the preconsolidation
stress, otherwise the plastic value ay, (Ye etal., 2011, 2012).
The specific storage is denoted by Ss. and Ssi,, accordingly.
Special care must be taken in the explicitly coupled approach
to use Ss values in the groundwater flow Eq. (1d) consistent
with those used for the geomechanical parameters E and v
in the equilibrium Egs. (1a)—(1c).

The simulated domain, which is the center area of Shang-
hai (Fig. 1), is comprised between the ground surface and a
rigid 250-300 m deep basement (Fig. 2). A 3-D mesh con-
sisting of 19524 nodes and 34 309 triangular prisms is de-
veloped to accurately represent the multiaquifer system in-
cluding six aquifers and five aquitards (Fig. 3). Zero flux on
the basement and Dirichlet conditions on the top and outer
boundaries are prescribed in the flow model. The known hy-
draulic heads on the top and outer boundaries are obtained
from the ground flow model developed for the whole Shang-
hai city from 1961 to 2005 (Xue et al., 2008). A Dirichlet
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Figure 3. Perspective views of the 3-D finite-element mesh of the center area of Shanghai. The various geologic layers are distinguished in
(a). In (b) the hydro-stratigraphic units are highlighted on the center part of the vertical section passing along the I-1” profile traced in Fig. 2.

condition with fixed bottom boundary and a traction©/free 3 Modeling results and discussion

land surface are assumed in the geomechanical model. Two

different boundary conditions are tested on the outer bound- 3.1 Parameter subzones and parameter values
ary in the geomechanical model. In the first case a Dirichlet
condition with fixed boundary is prescribed, and in the other
a traction©/free outer boundary is used.

The simulations span the interval from 30 December 1979
to 30 December 1995. There are many recharge wells and a
few discharge wells in the second confined aquifer, and many
discharge wells with high flow rates and some recharge wells
with low flow rates in the fourth confined aquifer. The 16-
year long simulation period is divided into 64 time steps 3-
month long each. The initial groundwater levels inaquifer A2 35 Ground water levels
ranged from —1.5 to 2 m above mean sea level (m.s.l.) with
a flow generally from west to east, and that in aquifer A4 Figure 4 compares the model results and the measured head
ranged from —22 to —10 m above msl with a flow generally in a few observation wells. The simulated heads agree gener-
from east to west. ally well with the observed heads.

Figures 5 shows the groundwater head maps in the second
confined aquifer on 30 December 1995, in which the simula-
tion outcomes agree well with the maps derived by interpo-
lating the available records.

The whole studied aquifer system is finally divided into 103
subzones according to the difference in lithology, hydraulic,
and mechanical properties of sediments. Due to lack of spe-
cific information, the Poisson ratio v is set to 0.3 which is
a typical values for recent sedimentary deposits. Hydraulic
conductivities, elastic specific storage, and plastic specific
storage of aquifers and aquitards are provided in Table 1.
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Table 1. Hydro-geo-mechanical Parameters Used in the Final Simulation of the 3-D Groundwater Flow and Geomechanical Models.

Aquifers/Aquitards Ky, (m/d) Ky, (m/d) K,z (m/d) Sge, (I/m)  Sskv (1/m)
Al 1-10 1-10 0.1-1 10~6-10° 10~6-10°
A2 2-50 2-50 0.2-5 10~6-10—° 10~6-10—°
A3 7-30 7-30 0.7-3 10—6-10-° 10-6-10-°
Ad 1-40 1-40 0.1-4 10~6-10° 10~6-104
A5 1-20 1-20 0.1-2 10~6-10—° 10~6-10—°
B1-B5 1072-10"° 1072-1075 1073-107% 5x1076-5x 107> 9x 10-6-8x 10~*
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Figure 4. Calculated vs. measured groundwater levels in two boreholes.

10000

Hydraulic head{m)

WellNo. BOO1in A4

¢
: }
—+— Observed
Lo Sirmulated [

! i i i
1985 1990 1995 2000

Year

1980

5000 10000

Figure 5. Computed (a) and measured (b) groundwater level in aquifer A2 on 30 December 1995, i.e. at the end of the simulation period.

3.3 Deformation and land displacements

Figure 6 compares the model results in term of vertical com-
paction/expansion and the observed deformation in a few
depth intervals monitored at the F10 extensometric station.
Both the computed long-term compaction as well as the sea-
sonal compaction/expansion are in good agreement with the
measurements.

Figure 7 shows the vector maps of the cumulative horizon-
tal displacement of the bottom of the fourth confined aquifer.
The maximum values are calculated in the range between 4
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and 8 mm. The largest horizontal displacements are obtained
in the north-eastern part of the map, which corresponds to the
zone with the largest changes in groundwater levels and also
the highest compressibility.

3.4 Impacts of boundary conditions of 3-D

geomechanical model

As reported above, two different outer boundary conditions
are tested in the 3-D geomechanical model. One is a fixed
boundary, and the other one is a traction-free boundary. Fig-
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Figure 6. Simulated and measured vertical deformation (negative values mean compaction) for two depth intervals at the F10 extensometer.

(a) 165-294 m depth range; (b) 26-78 m depth range.
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Figure 7. Cumulative horizontal displacements at 30 December 1995, as provided by the 3-D geomechanical model in aquifer A4.
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Figure 8. Comparison between the simulated vertical (a) and horizontal (b) displacements provided by the geomechanical model with
different boundary conditions along a west-east profile crossing the downtown area.

ure 8 shows the simulated vertical and horizontal displace-
ments as obtained implementing the two outer boundary con-
ditions along a west-east profile through the center of the
study area. The differences between the results are significant
only in a relatively narrow strip along the domain boundary.
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4 Conclusions

A 3-D one-way coupled geomechanical model is developed
to simulate the groundwater level changes and 3-D displace-
ments in the aquifer system at the center area of Shang-
hai due to groundwater withdrawal and recharge between 30
December 1979 and 30 December 1995. Elastic and plas-
tic compressibility values are appropriately considered in the
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groundwater flow and geomechanical models depending on
the actual effective stress with respect to the preconsolida-
tion stress. The model outcome satisfactorily agrees with
the available observations. The cumulative land subsidence
reaches 250 mm in the downtown area and the cumulative
horizontal displacement peaks 11 mm on the ground surface
and is smaller than 8.5 mm at depth.

Fixed and traction-free conditions are tested on the outer
boundary of the geomechanical model. The differences that
remain limited to a relatively narrow strip close to the model
frontier. The horizontal displacements appear more influ-
enced by the boundary conditions than land subsidence. Al-
though no measurement is available for the model validation
in term of horizontal displacements, their magnitudes prop-
erly resemble the distribution of the hydraulic head changes
and the compressibility of aquifers and aquitards. Hence,
it can be concluded that the 3-D uncoupled geomechanical
model can well simulate the three-dimensional displacement
field of the aquifer system in the center area of Shanghai.

Acknowledgements. Funding supported by KLLSMP No.
201401, NSFC No. 41272259 and NSF of Jiangsu Province No.
BK2012730 is appreciated. Pietro Teatini was partially supported
by the University of Padova, Italy, within the 2014 International
Cooperation Programme.

References

Biot, M. A.: General theory of three-dimensional consolidation, J.
Appl. Phys., 12, 155-164, 1941.

Gambolati, G., Teatini, P., Bau, D., and Ferronato, M.: Importance
of poroelastic coupling in dynamically active aquifers of the Po
river basin, Italy, Water Resour. Res., 36, 2443-2459, 2000.

Gu, X. VY., Gong, S. L., and Huang, H. C.: Quantitative study of
land subsidence in Shanghai, Proc. VI International Congress of
I1AEG, 1990.

Gu, X. Y., Tsien, S. I., Huang H. C., Liu, Y.: Analysis of Shang-
hai Land Subsidence, Proc. 1V International Symposium on Land
subsidence, Publ. 200, 603-612, 1991.

Proc. IAHS, 372, 443-448, 2015

Gu, X. Y., Deng, W., Xu, D. N., and Liu, Y.: Computation of
land subsidence in Shanghai with secondary consolidation effect,
Proc. International conference on soft soil engineering, 65-70,
1993.

Shi, X., Wu, J., Ye, S., Zhang, Y., Xue, Y. Q., Wei, Z. X., Li, Q. F,,
and Yu, J.: Regional land subsidence simulation in Su-Xi-Chang
area and Shanghai City, China. Eng. Geol., 100, 27-42, 2008.

Teatini, P., Ferronato, M., Gambolati, G., and Gonella, M.:
Groundwater pumping and land subsidence in the Emilia-
Romagna coastland, Italy: Modeling the past occurrence
and the future trend, Water Resour. Res., 42, W01406,
d0i:10.1029/2005WR004242, 2006.

Teatini, P., Ferronato, M., Gambolati, G., Bau, D., and Putti, M.:
Anthropogenic Venice uplift by seawater pumping into a het-
erogeneous aquifer system, Water Resour. Res., 46, W11547,
d0i:10.1029/2010WR009161, 2010.

Verruijt, A.: Elastic storage of aquifers, in: Flow through porous
media, Academic Press, New York, 331-375, 1969.

Wu, J., Shi, X., Ye, S. J,, Xue, Y. Q., Zhang, Y., Wei, Z. X., and
Fang, Z.: Numerical Simulation of Viscoelastoplastic Land Sub-
sidence due to Groundwater Overdrafting in Shanghai, China. J.
Hydrologic Eng., 15, 223-236, 2010.

Xue, Y, Wu, J., Zhang, Y., Ye, S, Shi, X. Q., Wei, Z.X,, Li, Q. F,
and Yu, J.: Simulation of regional land subsidence in the southern
Yangtze Delta, Science in China Series D-Earth Sciences, 51,
808-825, 2008.

Ye, S.: Study on the Regional Land Subsidence Model and Its Ap-
plication, Ph.D Thesis, Nanjing University, China, 2004.

Ye, S., Xue, Y., Wu, J., Zhang, Y., Wei, Z. X., and Li, Q. F.: Regional
land subsidence model embodying complex deformation, ICE-
Water Management, 164, WM10, 519-531, 2011.

Ye, S., Xue, Y., and Wu, J. C., and Li, Q. F.: Modeling visco-elastic-
plastic deformation of soil with Modified Merchant Model, Env-
iron. Earth Sci., 66, 1497-1504, 2012.

Ye, S. J., Xue, Y. Q., Wu, J. C., Zhang, Y., Wu, J. F, and Li, Q.:
Study on the groundwater flow model for land subsidence mod-
eling in Shanghai, Proc of the Seventh International Symposium
on Land Subsidence, Shanghai, China, 2005.

Zhang, A. G. and Wei, Z. X.: Past, present and future research
on land subsidence in Shanghai (in Chinese), Hydrogeol. Eng.
Geol., 33, 72-75, 2002.

proc-iahs.net/372/443/2015/


http://dx.doi.org/10.1029/2005WR004242
http://dx.doi.org/10.1029/2010WR009161

	Abstract
	Introduction
	Model setup
	Modeling results and discussion
	Parameter subzones and parameter values
	Ground water levels
	Deformation and land displacements
	Impacts of boundary conditions of 3-D geomechanical model

	Conclusions
	Acknowledgements
	References

