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Computation of Land Subsidence in Shanghai, China
Calcul d'Affaissement de Surface a Shanghai, Chine

S.I. TSIEN Professor, Institute of Mechanics, Chinese Academy of Sciences, Beijing, China
X.Y. GU Research Associate, Institute of Mechanics, Chinese Academy of Sciences, Beijing, China
SYNOPSIS Computations of land subsidence in Shanghal are carried out by employing the basic one-

dimensional consolidation equation and the Laplace transformation. They are based on the inferences:
(1) validity of the classical consolidation theory; (2) validity of superposition theorem of boundary
vater-level conditions in aquifers; and (3) adaptability of bi-linear model under cyclic loading,
Analysis shows that the phenomena of land subsidence can be well interpreted by stress redistribution
and its consequent deformation occurred in the soil layer as a result of subterranean pumping. The
comparisons from 1965-1978 between the computed and actually measured data on hydrostatic excess pre-
ssures and deformations are good. Thls analysis also provides a sound basis for suggesting groundwa-

ter recharging as an effective means to control the subsidence.

INTRODUCTION

The long-term subsidence which hampers the indus-
trial development and impairs the public life in
the city of Shanghal, necessitates to investiga-
te mechanism of subsgsidence, its prediction me-
thods and effective control measures, Through

the long collaboration with the Shanghad Geolo-
gical Department, a comprehensive study was car-
ried out both in the laboratory and in the field
(Tsien, 1968a). This paper presents the work
recently completed at the Institute,

HISTORICAL BACKGROUND

Land subsidence in Shanghal was first reported
in 1921 (Shi et al 1979). Accompanying the in-
dustrial development, the subsidence has been
continuously extending in its scale and forming
dish-like depressions in the areas of major pum-
page, During 1921-1965, the maximum accumulated
subsidence had reached 2,63 m and the maximum
subsiding rate amounted to 200 mm per year. In
1963, control measures such as restriction or
rationalization of using groundwater began to
take effect and subsidence lessened. The average
subsidence was 23mm in 1965. In the period of
1966-1971, the subsidence was generally brought
under control. By adopting artificial groundvwa.
ter recharging into the aquifers, setting-up an-
nual water-consumption plan (e.g., "winter-re-
charging summer-consuming", "“summer-recharging
vinter-consuming” etc.) together with ad justing
the explolted aquifers throughout the city, lar-
ge-9cale minor rebound of the land surface emerg-
ed during this time, Since 1972, however, the
land has again undergone minor subsidence and
the yearly average figure in the urban districts
was about 3.6 mm (Fig. 1). Thus, it may be stat-
ed that the land surface has been undergoing the
following stages evident subsiding-rebound-
ing-minor subsiding,

GEOLOGICAL FEATURES

\TIVE CEFORMATION

M

Fig. 1 Typical Cumulative Deformation
(Shi et al 1979)

+ —rebound - —subsidence

In the city area, the Quaternary System sediments
overlying the baserock are about 300 m thick,
From the stratification benchmark data, the major
compressible strata are located within 70 m depth
below the ground surface, The total thickness of
the compressible layers is very much smaller than
the size of the overall pumping area of the city.
Although the depressed water-levels in the explo-
ited agquifers are funnel-shaped, the hydraulic
gradient of the funnel line is very small. It is,
therefore,reasonable to assume that both seepage
and deformation are one-dimensional, In this pa-
per, a typical subsiding district of the city,
Leo-Dong Park is selected for amnalysis,

A comprehensive and precise survey for deforma-
tions occurred in each layer has been made by
the Shanghai Geological Department (Su, 1979).
The accuracy of the observation error of the
stratification benchmark is in the order of o.1
mm, Three observation wells were installed to
check the water-level variations, Besides, chan-
ges of pore-water pressures within the compre-
s3ible layers have been successfully measured by
the Casagrande-type piezometers.All these field
data are indispensable for analysis. In this pa-
per, the two major compressible layers were stu-
died. The sandy clay layer (42,3-72.8 m deep,
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interbedding with clay and sandy cley layers, 'L

=26-40%, W =18.5-24.7%, v=35%, 7=18.2 XN/n’) is

directly affected by pumping in 1ts underlying
aquifer II, The other silty clay layer (3 ¢5=1945
m deep, ¥ -41.5%. =25 7ﬁy we52%, 7=17.2 Xi/m”)

is less influencew. Nevertheless, due to its hi-
gh eompressibility, the latter has been becoming
the principal subslding stratum. ¥ts deformation
is caused by the water.level changes in aquifer

I directly underneath the stratum.

LABORATORY TESTING

Consolidation Test under Pumpinc

Experiment conducted on silty clay samples by Gu
(1965) showed that the consolidation process of
routine test and test under pumping were similar
in nature, Within primary consolidation stage,
the experimental results agreed, in general,with
the Terzaghi's theory (Terzaghi, 1943), But, fo-
llowing the ecompletion of the stage, there show-
ed a conspicuous secondary compression, especial-
ly for small load-increment ratios.

Repeated-loading Test

Due to the yearly perlodic variations of water-
level present in the aquifers under pumping, in-
vestigation of soil behavior in response to re-
peated loading is important, By selecting appro-
priate load-increment ratios to simulate the
field condition, two loading schemes were adopt-
ed: i.e., loading-unloading end varied boundary
wvater-level condition. The apparatus for the
latter scheme is shown in Fig. 2,

L Fig.3 A Typical Compres-
sion Rebound Cycle

Fig.2 Repeated-loading
Consolidometer
(Fu et al 1968)

It was shown from the ‘tests that the soil under-
wvent basically primary consolidation under re-
peated loading. This gives the basis for ignor-
ing secondary compression in the analysis, It is
also conceivable that after a certain number of
load repetitions, an average value between the
coefficients of compression and rebound may be
used, Fig. 3 shows a typical compression-rebound
cycle wvhich 1s approximated by a bi-linear model
for analysis,

Validltv of Superposition Theorem

The tests (Fu, 1965) showed that with different
loverings of water-heads at ends of a sample s0
as to establish a trapezoldal distribution of
effective stress increments within the sample,the
deformation-time curve was similar to one obtain-
ed by superposing a rectangular and a triangular
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effective stress increments.
METHOD OF COMPUTIKG DEFORMATION
Equation

The one dimensional basio consolidation equation
is adopted in the analysis.

2 2
28U _ . au 2u_ . 2%
90t “Cve, 3 °F St =Cys 2 (1)
oz Az

vhere, the subscripts ¢ and 8 indicate compre-
ssion and rebound respectively.

Solutions of the Basic Eauation for Various
Boundary Conditions

In computing the compression, it is assumed that
the upper boundary water level remains unchanged,
i.e., z=0, u(0,t)=0; whereas the lower boundary
varies in accondance wvith the vater-level changes
in respective underlying aquifers. The continuous
records of the ground water-levels in aquifers I
and II are shown in Fig. 4.

ELEVATION (m)

65 o6 6 6 & 71 3 % 1’ 7
YEAR
(0] actuclly mecwured water-ievel in aquiter 1

Fig. 4 Yearly Ground Water
Level Fluctuations

The fluctuating water-level is resolved into
three components: namely, fixed drawdown and 1li-
near upvard variation of the central water-level
line and cyclio changes., By taking the Laplace
transformation of Eq. (1), the following expres-
sions for each of these cases are obtained.

(1) Fixed drawdown of central water-level line
Let A=z/H, B=nT, D=C_/H, E=sinA Bexp(-B°Dt),

[
N, s
u,(z,t)==),h, bn&;f;” Ec/BJ (2)
vhere, h2= drawdown of lower boundary water le-

veljand H= thickness of soil layer.

(2) Linear upward variation of central water-
level line
u,(z,t)=a[at-(1-2%) /6D +2§( 1)™*'e_/’p] (3)

in vhichd = slope of linear varietion, expreaaed
as pressure difference per unit time,



(3) Cyclic water-level changes By neglecting
the transient part of the solution, it is shown

u.j( z,t)=Pexp [—vlzﬂc_—v(ﬂ-z )] sin[ut-%v( H-z)] (4)

for sinusoidal changes, Psinwt; in which P= peak
cyclic water pressure, and w=frequenoy of cyclic
change. In the actual cases, the cyclic water-
level changes at random. The final solution can
be obtained by harmonic analysis,

Initial Condition

In view of the fact that Shanghail began to sub-
side many years ago, Stress history must be ta-
ken into account as a prerequisite factor for
determining u and S(deformation) following any
designated intermediate year, For the sandy clay
layer, the equivalent pumping time for August
1965 is determined (Tsien, 1968b) and for the
9ilty clay layer, the initial u distribution
curve during August 1965 1s found as below:

£(2)=u(z,0)=0.9Texp [-0.25(20-z)] (5)
vhich is shown in Fig. 5.

anc surtace upper bx
s layer

(2

-0 lower be
Aug.65 H T rat

Fig.5 Initial Condition of Hydrostatic
Excess Pressure,u, for the 3ilty

Clay Layer

From Eq.(1), an expression for u under f(2z) cen
be derived as

00 H
u4(z,t):g‘%‘0/- [ £(z)sinABdz]E, (6)

Substituting Eq.(z) into Eq.(6), then

+)=0.09655—BA —f 1)P_00067|E . (7)
ugls) n:n.;-(o.zs)2+(ﬁ)2[(- Jz.
Deformation Analysis

In Fig.(5), the soil deformetion, S, between H,

and H, can be computed by the following equa-
tion “(Terzaghi, 1943),
~H
3=, J, udz (8)

Substituting Eq9.(2),(3) and (4) into Eq.(8) and
integrating, one obtains deformation for various
components of boundary water-level conditions,

(1) Deformation due to fixed drawdown case
Let K=H,/H,, M=1-(H,/H,)>, D'=C_/H5, and
2
F=(co9B-cosKB)exp(-B“D't),
S,=dm_ ym [ S (1% /82 (9)
1'd§nvcr; 272 Wena c
(2) Due to linear upward variation case
2 o o 4
S,= m, QH,[Mt/2-M /24Dy2 3 (-1 )°F4/DB] (10)
93) Due to initial condition, u(z,0)
oo
0.,0965m__ 5> [(~1)?-0.0067]F_
P e

S (1)
4 (0.25)%+(B/H,)?
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compression "-", rebound "+",

(4) Due to eyclic changes

From Fig.4, the maximum and minimum hydrostatic
excess pressures at each depth referred to a
central datum line are

tpag = PO /zciv €) (12)

vhere, £=the distance from the lower boundary
line to the depth-point in question=H-z.

The net deformation, 83, after one cycle 1s

33=3 -3
1772 m
W
=2Pexp( -,/Eg)mvc( 1- -mLs (13)
- ve

For the entire soil layer, it can be expressed
o %

53=2P/T n\,c(1- m (14)

Under the repeated loading-unloading condition,

oo, and oq gradually approach each other. It

vas shown from the laboratory tests that S3 at

the end of about 20 cycles was approximately
equal to 1/5 of the 83 at the end of the first
cycle.

S01IL PARAMETERS

Soil parameters obtained in the laboratory are
greatly affected by load-increment ratio and
loading condition. It is therefore, important to
select proper soll parameters a and Cv in the

computations., Fortunately, the long-term field
observation data can serve as a large-scale in-
9itu test results. Therefrom, the soil parameters
are deduced (Gu,1968), In case the accumulated
field data are inadequate, the laboratory test
results are then resorted to. The Soil parameters
used in this computation are listed in Table I.

TABLE I Soil Parameters
| T — _‘I
[ | coefficient ~oefticie average coe oefficier f
of of of conso. after volum > me |
| nsolidation | rebound | many cycles |compression| re l
ve, m&fs Cvs, m2fs | Cy, m2/s Myc, (KPs e
1t ay 15x10°7 a0x107 a0%10°6 4 s0x|g5
andy Clay | 20x10°® | eoxi0® | 25x107> | 4« e

COMPUTATION RESULTS

The computed distribution curves of the hydro-
static excess pressures with respect to depth and
the accumulated deformations occurTed in the
9ilty clay and sandy clay layers, for each month
of August from 1965-1978 are respectively shown
in Figs. 6 and 7. The actually measured data are
also plotted to assess the adaptability of the
analytical method.

CONCLUSIONS

1. It i3 shown in this analysis that the pheno-
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RE n P Pa
are

Fig.6 Hydrostatic Excess Pressures
versus Depth

mena of land subsidence in Shanghai, China, up

to now, can be vell interpreted by stress redis-
tribution and its consequent deformation eccurred
in the Soil layers as a result of subterranean
pumping. The analysis also provides a sclentific
basis for determining the effective control mea-
sures. The cooperation of laboratory testing and
field observation 1s an effective way to study
the mechanism of subsidence as well as to pre-
dict the s30il behaviors.

2. Based on the inferences drawn from the labo-
ratory testing and the soil parameters mainly
determined from the field data, good compari-
sons from 1965-1978, between the computed values
and the actually measured data of pore-water
pressures and deformations occurred in the two
most compressible soil layers in the distriot
under consideration demonstrates the adaptabili-
ty of the analyticel method. The use of a set of
constant equivalent Soll parameters during such
a long period introduces error.

3. As shown in the figures, during 1965-1978,

the hydrostatic excess pressures had been stead-
fastly decreasing from year to year. It proves
that to control the land subsidence in this city,
ground water recharging into the aquifers 1s
effective and the computation, up to now, based
on primary consolidation is acceptable. It should
be noted, however, that the effectiveness of the
recharging declines gradually and minor subsi-
dence will be expected to continue for a number
of years. To increase its effectiveness, field
experimental research on horigzontal recharging
is proposed. Since the role of secondary compre-
ssion will become more important in the future,
further study on this behavior and the corres-
ponding control measures 1s also suggested.
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Fig.7 Yearly Accumulated
Deformation
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