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ABSTRACT

Coupled and uncoupled finite element models have been tested to
compute the subsidence of the central area of Shanghai (P.R.China),
where a man-induced compaction is due to groundwater withdrawal.

The subscil is composed of loose sediments with compressible
layers of clay, muddy clay, loam, and with aguifer layers of silt
and sand.

The oedometric law (elastoplasticity) has been adopted to
simulate the geomechanical behaviour of the soils. Big differences
are found in the results given by uncoupled and coupled models. In
the studied case of Shanghai, the computed subsidence with the
uncoupled model is reduced by nearly half when computed with coupled
model.

The influences of the coupling on the results are detailed,
analysed and explained mathematically and physically.

An example is taken from a tested column, located in the
subsiding central area of Shanghal.

Conclusions are deduced from the discussion and a standard
procedure of computation is inferred to calculate the subsidence
of Shanghai with the maximum accuracy.

INTRODUCTION

The model exposed herein could be gualified of a "two-step" me-
thod according to Corapcioglu'. The agquifer flow equation is solved
in a three-dimensional space and the assumed one-dimensional solid
deformation is computed by one-dimensional consolidation equations,

The results of the 3D flow model are the time dependent boundary
conditions of the 1D consolidation model. This consolidation model
uses the oedometric elasto-plastic law coupled with vertical flow,
including linear or non-linear analysis of the vertical permeability
coefficient .

The developments presented hereafter have been implemented in the
finite element code LAGAMINE which has been developed during the
past seven years in the M.S.M. department, University of Lieége®.

This model has been tested for computation of the land subsidence
which has occurred severely (1.2 - 2.5 m) in Shanghai between 1920
and 1965. Since 1962-1963, the recharge during winters of the main
agquifer has contributed to decrease the phenomena but a remanent
consolidation of 2-3mm/year is still recorded.




- g8 -

SYNTHESIS OF THE GEOLOGICAL, HYROGEOLOGICAL
AND GEOTECHNICAL DATA IN SHANGHAT

The 70 upper meters of the subsoil of Shanghai are composed o
Quaternary deposits of the Yangtse River estuary. The center of

city has undergone a man-induced subsidence due to water pumping
the confined multi-aquifer system located in these sediments.

A sedimentological study of the post-Pleistocene conditions o
deposition and accumulation has been completed Baeteman  of
the Belgian Geological survey), using all the data prepared by t
Shanghai Geological Center, inciluding 5 new boreholes.

Accurate hydrogeological and geotechnical studies have been
completed in order to Jetermine hydrodynamic and geonmechanic
parameters in each formation.

To summarize, different units are distinguished (Dassargues ¢

al ‘) from the top to the bottom (Fig.1)

- the superficial layer composed of slightly overconsolidatec
clay and loam, with sandy zones in some places forming the phre:
aquifer in direct relation with the Huang-Pu River.

- the first compressible layer (Holocene) composed of muddy
clay deposits of estuarine tidal flats, this layer is highly
compressible (0.4 = C_= 1.2)

- the second compressible layer {Holocene) formed of suprati
silty clay deposits, with relatively high compressibility
(0.3 = C =1.2)

- the Dark Green Stiff Clay layer DGSC corresponding to depo
of fluvial clay flood basins. As indicated by the name, this
layer is characterized by its high pearing capacity due to its
previous compaction by dewatering, but in some places this
overconsolidated layer is absent (0.2 = C = 0.4)

- the first aquifer composed of sand and silt with a low
compressibility (0.2 = c = 0.3)

- the third compressible layer, clayey layer formed in subt.

and intertidal conditions, sensitive to compaction (0.3 = c =

- the second aguifer, sandy layer deposited by estuarine
conditions, may be considered as the pain exploited aquifer.
layer possesses a high resistance and low compressibility

(0.15 = C_ = 0.2)

It’s to be noted that in some zones, the first and second |
aquifers may be connected and the third compressible may be ak




- DG o

Results of the oedometer and identification tests (Dassargues’)
have shown that the first, second and third compressible layers A
are very slightly overconsclidated and DGSC layer strongly
overconsolidated.

For the model, initial conditions of 1920 are chosen in perfect
equilibrium, a triangular distribution of the initial effective
stress (0:) is obtained assuming total saturation of the layers.

The preconsolidation effective stress is everywhere assumed egual
to' the initial effective stress except in the DGSC layer which is
considered overconsolidated in 1920 with a mean ratio o’ L0 =104,

3

prec

For computation of the subsidence, the values of A (swelling
constant) and C (compression constant) have been determined from
Cc ,C and the calculated initial void ratio of 1920 (e}) .
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Figure 1 : Schematic lithological sequence of

the upper 70 m in Shanghai
(Baeteman’).
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VARIATION OF THE PERMEABILITY COEFFICIERT

considering the variation of the permeability coefficient, th
best tested empirical relation was the Nishida and Nakagawa egu
tion. This equation links the permeability K to the void ratio e

plasticity index I

P
This equation can be written:
K = exp (o .e +B) (m/s) (1)
where o = 2.3 / ( C+ D.IP) _

and BH {(-27.6)

Cc and D are constants adapted to each laver

VARIATION OF THE SPECIFIC STORAGE COEFFICIENT

The general expression of the specific storage is

_ _ - Q
S = p.g.m, = p.g.N [:3 B+ ] (2)

Usually B and B can be neglected in front
of « {Poland’), so that
S =p. g .« (3)

6
il

¥ /A.o’ (in the elastic part)
- (4)

S =y /C.o’ {in the plastic part)

where A is the swelling constant
¢ is the compression constant

In the coupled flow-compaction law, this variation is taken

account assumigg that the total quantity of water expelled duri
compaction (-f') is egual. to the time derivation of the strain

£V = s —?—=-s-°l'—=-—?: (5)

' w

CHOICE OF THE COMPUTATIONAL SCHEMA

The permeability contrast between aquifers and aguitards is
that the main flow can be considered as essentially influenced
horizontal transmissivities of the agquifers.

consequently, the computational schema has been chosen as
following :

- The flow model is a real 3D model (Dassargues’’) with complet
discretization of the different layers in the meshing network,
values of K and S are chosen in the different units assuring 2

detailed spatial distribution. The pressure field in function ¢
time and space is the result, but the values relative to the‘C%
layers are not very significant because of the low permeabilit?

- The subsidence is computed coupling in the model, the vertic?
flow and the oedometric consolidation processes in the clayey
layers.
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- The pressures computed in the 3D model are introduced ip the
coupled model as variable prescribed pressures at the aquifer-
aquitard boundaries.

Details about the formulation of the coupled element which is
used, are given in the paper of Charlier et al’’

CONSTITUTIVE LAW

For the geomechanical aspect, the oedometric law is written
incrementally by the following formulation

—

L] ."
£ = —%w g, if U’<G: {6}
CO S
c of
if o/=0’ (7)
ol = ¢! c

£V = - ¢ (5)
f = -%; grad {p} + K.grad (z) (Darcy’s law)
(&)
and K = exp (an.e + Br) (1)

A relation between the void ratio variation and the strain
variation can be easily established neglecting the conpressibility
of the grains.

e

= {9)
(1 + e}

The constitutive laws allow to link o, o', f, fv, e and o’ to the

main variables : ¢ and p.

The parameters are A and C for the géomechanical aspect, o and f
for the hydrogeological aspect, ¥ and 7 for the unit weight of

water and dry solid.
As the problem is posed in transient conditions, the initial
values of ¢, ¢/, p, € and ¢’ , are needed.
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COMPARISON OF RESULTS

The Table 1 represents one of the columns which has been test
In the uncoupled case,the discretization of the column is taken
the 3D flow model (10 elements). For the coupled model, the
discretization is more detailed (60 elements).

The geomechanical parameters are presented on Table 1 and the
nydrogeological parameters on Table 2. In the compressible laye
the hydrogeological values, relative to the coupled model are m
accurate than in the uncoupled model because equivalent values !}
to be chosen in the 3D flow model to represent globally these
layers. ,

The coupling and non-linear analysis cause the variations of
specific storage (S_) and the permeability coefficient (XK)i valu

of 1920 and 1960 are given on Table 2.

The water pressures are computed by the 3D flow model in the
coupled conditions, and by the 1D flow-compaction model with
variable prescribed pressures at the aquifer-aquitard linits (c
from the 3D flow model) in the coupled conditions. Fig.2 shows
water pressure in the studied column, in 1960, for the uncouple
the coupled and the coupled non-linear models.

Logically, it appears that the coupling creates less decreas
water pressure in the compressible layers. This is due mainly t
variations of the specific storage (s ) during the compaction

process.
Absolute
feval Geology Geomechanical parameters pDiscretizalions
+5.0 Number of eler
o0 _1 clayey ioam Uncoupled_ Co
. » Flow ]‘Cnmpac!lon
-50 _ clay and silty Ae A45.9 C= 0.33 L 6
sand i
Cwoo | BRI e T T T T il niieiliall il
stity and = 344.5 Cm 575 i 2
~15.0 - sandy ol it S N NN I SN I
loam e e em e e T —— = -
-20.0 ] e A= 513 Cm 6.5 2
G e AR e e = e T ko
—-25.0 clayey A= 69.5 Cw 15 t 2
0Bm L”"______
=30.0 - Am 28.9 Cx= 4.82 1 1
~-35.0 . A» 271 Ca &5 L3 L=
_________________ i
26.4 Cw 44 1
a0 | B e Ae 204 O A . IS S
A Ax 258 Cm 47 | 1
—45.0 ] e':’-_-'c'.z?-_e@-':.?_@ﬂ@EQE{EEZZZZCCEE SRS U, BN R -Da B -
i
-50.0 _] |
i
—55.0 | fine sand A= 203 C= 24.6 6 | 36
and silt - i
-80.0 {1%! and 216 pquitars 1
are in connection
-65.0
~70.0 4
~75.0
-80.0 ]
~B5.0 .
~90.0 .

Table 1 : Lithology and geomechanical
parameters of the studied column.
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Table 2 : Hydrodynamic parameters in the

studied column.

cause of the different computed subsidences.

are due to the effects of the permeability variations.

These differences in the water pressure will constitute the main
The small divergences between linear and non-linear computations

The diagram of € (variation of strain) in 1960 (Fig. 3} clearly

shows variable differences between results given by uncoupled, cou-
pled and coupled non-linear models. '

specific storage definition, we obtain :

£ =

5

ot

¥

w

(10)

By equation (7) of the constitutive law and equation (4) of the
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In the uncoupled case, S. and ¥, are considered constant and
this expression can be written :

e(t+At) 3 of (t+At)

[ de = = do’ (11)
¥

W

e(t) o’(t)

By integration and considering only plasticity, we have :

———1—-[0' (t + At) - 0’(t)]

i
c.o! (12)

c(t + At) - g(t)=

where U; is a constant chosen implicitely,

depending of the choice of the constant
$ value in each layer.

In the coupled case, only ¥ can be considered constant,replacin

S by its value in (4) and assuming only plasticity

c{t+ht) of (t+AL)

J de = .,L_J g‘," (13)
£(t) € Jor(ry
By integration
clt + Aty - e(t) = -1 an| ZHEFBE) 4y,
c o (t)

Comparing the eqguations (12} and (14), one can understand imme-
diately why large differences may be constated in the ¢ diagram

a. the o’/(t + at), o/(t) values are not egual in the uncoupled
and coupled cases

b. the mathematical expression of £ is guite @ifferent in (12)
and (14) and the following terns are still to be compared:

1 [0’(t+At) -—cr’(t)] and ln[w]

o’ ¢’ (t)
&

As |a - b} > |1In —%&[ v a, b>1 , we can conclude that
excepting the preponderant influence of 0; , the uncoupled
term will be normally greater then the coupled term.

c. the constant a: (of the uncoupled case) depends of the
artificial choice of the constant § value in the layer

The non-linearity of K changes the water pressure distribution
and then the effective stress distribution. This influence leads
to reduce the decrease of pressure (the increase in effective
stregs), .that’s why the variation of strain and the strain are
smaller than in the other cases (Fig.3).
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As a final result, Fig. 4 shows the difference in the computed
subsidence (in function of time) in this column of the central area
of Shanghai. A difference about 0.875 m is shown for the final
values, corresponding to a relative error of about 83 % between
uncoupled model and coupled non-linear model.

CONCLUSIONS

The comparison of the uncoupled and coupled laws, with linear and
non-linear analysis of the permeability coefficient, in this flow-
compaction model has underlined different trends and results

- The flow-compaction coupling introduces a non-linearity of the
specific storage as 5_ is linked to o‘. Theoretically, this

coupling doesn’t influence the spatial distribution of the
decrease in water pressures if we consider guasi steady
conditions (the specific storage affects only the transient terrn
in the general diffusion equation). Nevertheless, in our case,
the distributions of € and ¢ (Fig.3) depend of the transient
conditions imposed to the problem from 19520 to 1960, so that

! z gf even with linearity of K.

coupled uncouplaed

_ The non-linearity of K induces additional changes in the water
pressures especially in the compressible layers.

— The main difference in the computed subsidences is due to the
introduction of an artificial specific storage coefficient,
which is constant in the uncoupled conditions. If the same
initial specific storage coefficients are chosen for both
uncoupled and coupled models, the subsidence computed with
uncoupled law is strongly smaller.

These conclusions are demonstrating that a detailed study is
needed to choice the best procedure to be adopted in order to
reduce, in each case, the approximations and to match a maximum to
the reality of the involved processes.

Entire and detailed results of the study complet?d on the case ©
shanghai are exposed and discussed in another paper’’
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