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HYDROGEOLOGICAL CONDITIONS AND SUBSIDENCE MEASUREMENTS
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CONDITIONS HYDROGEOLOGIQUES ET MESURE DES TASSEMENTS
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Infroduction

Based on the results of the Quaternary geology study,
three aquifer layers are involved in the studied zone :

— The phreatic aquifer, in connection with the Huang-
Pu River, corresponds o sandy and silty zones of maxi-
mum 5 m thickness, included in the clayey layer called
“first compressible”, This aquifer has a very limited ex-
tent. No information is available on its characleristics.
— The first aquifer is a sandy and silty layer; the thick-
ness is between 0 and 15 m but, in the southern part
of the study area, it appears in close connection with
the “second aquifer”. As it does not constitute the main
pumping aquifer, little information is available about
its characteristics. Nevertheless, some data are deduced
from the pumping tests results which have been
completed in the second aquifer with piezometric moni-
toring in the first and second aquifer.

— The second aguifer is the main pumping aquifer and
is of fine sand. The thickness is between 10 and 35 m
and the top of this layer is siluated at a depth of about
70 m. Some pumping test results are available for this
aquifer and a synthesis of this information will be pre-
sented.

Since 1920, the quantity of pumped groundwater
(mainly from the second aquifer) increased year afler
year uniil 1962, The annual total amount of extracted
walter, distributed between the different pumping areas
has caused the increase of effective stress in the satu-
rated loose sediments provoking the compaction of the
compressible fayers.

The total measured subsidence has reached about 2.5 m
in some sensitive places, Since 1962, the recharge of
the aquifer during winters contributed to decelerate the
subsidence, but a mean residual consolidation of
3 mm/year is still recorded,

Hydrodynamic parameters of the aquifers

On the basis of previous pumping tests performed in
the second aquifer, some values of the permeability

coefficient (K) and specific storage coefficient (Ss)
have been obtained (Table 1).

For this study, an additional pumping test has been per-
formed (its location is shown on the map of Figure 7)
and the results were interpreted using different
methods. The location of the piezometers in the differ-
ent layers is given on Figure I. Each of the methods
of interpretation supposes that some particular assump-
tions can be accepted to represent the reality of the
pumping test.

Table !: Interpretated resalts of previous pumping tests.

Paumping tests K {m/sec) 5. (m™"
CKB 143 0.6 107" -
CKB 140 1310 -

F 18 8.7 107" L2 o
CKB 114 2.1 107 -
CKB 117 1.2 107! -
20-1 5.3 107 37107

In the transient state, the radial diffusivity equation of
the horizontal flow in a porous media can be wriften :

L 9 ,  dh S dh

— - — (¥ V= — -
¥ oodr ( Jr T dt
where 1 = radial coordinate from a central reference
point

S = storage coefficient

T = transmissivity

h = piezomelric head
In practice, we have applicd the following well known
methods :
» The Jacob method of the straight line which consti-
tutes the first and classical method for interpretating
the pumping test results from a semi-log diagram
{log(t), drawdown).
» The curve-matching method of the Theis formula
using a bi-log diagram (log(t), log(drawdown)}; this
method provides the values of T and S.
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» The interpretlation of recovery curves by the Horner
method; the drawdown 1is plotted versus log

{1+ —t?) (tp is the duration of the pumping, t is the

time from the cessation of pumping) on a semi-log di-
agram; Jacob method is then applied providing the
transmissivity but not the storage coefficient.

» The Hantush solution, taking into account the leakage
from the aquitards or from the overlying aquifers which
can percolate through the aguitards. After defining a
Hantush leakage factor, the solution can be found using
the same procedure as for the Theis curve,

« The Neuman and Witherspoon solution additionaly
taking into account the storage of the confining beds
and their induced transient effect. After defining a con-
stant B which depends on the transmissivity and storage
coeflicient of the aquifer and semi-pervious aquitard,
the solution can be found as for the Hantush solution.
This method provides the values of T, § and a value

r. K
s s
For the second aquifer; the results of the inlerpretation
are shown in Tables 2 and 3, giving respectively trans-
missivities and storage coefficients found in the differ-
et piezometers and at the pumping well. The
comparison with the previous resulis (Table 1) leads to
the conclusion that the value of the permeability coeffi-
cient is between 0.6 10~ m/s and 8.710~* m/s for the
second aquifer with a specific storage coefficient of be-
tween 1 10°% and 1.2 107 w/s.

of the ratio for the aguitard.

Pumping and recharge conditions

For more than 100 years, groundwater has been pumped
in the central area of Shanghai.
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Before 1950, most of the pumping wells were drilied
in order to supply the water needed for cotton mills
situated near the Huang-Pu River and its affluent the
Su-Zhou Creek. Without any available data relative to
this period, estimations of the total amount of the water
pumped in the second aquifer are provided by the Shan-
ghai Geological Center.

After 1950, the spatial distribution of the pumping
covered a larger zone, but two main pumping arcas
were still distinguished : the Pu-Tuo district and the
Yang-Pu district, respectively in the western part and
in the north-eastern part of the study area (Fig. 2).

Total annual data of groundwater withdrawal are avail-
able until 1965 and bi-annual data of pumping and re-
charge are known after this year. The evolution in time
of the groundwater withdrawal quantity is illustrated on
Figure 3, showing a maximum in 196}, Since 1962, im-
portant restrictions have been imposed and the second
aqguifer has been recharged. Globally the pumping and
recharge cycles are distributed as follows :

* from the beginning of April until the end of Septem-
ber : pumping phase;

» from the beginning of October until the end of
March : recharge phase,

The guantity of waler recharged in the second aquifer
each year has most often been greater than the pumped
amount, in order to restore progressively the high water
pressure in this aquifer,

The recharge of the aquifer is performed using the same
wells as for pumping; their spatial distribution is there-
fore known.

From 1975 until now, all the pumping and recharge

values and their locations are known on a monthly
basis; these data have been entered in a data-base file

Table 2 : Interpretated transmissivity (in mZsec) of the second aquifer by different methods.

Piezometer
St 52 33 S4 36 Sti 514 Kd4.5 W2 (well)
Method
Jacob 196-2.44 | 2.05 107 | 129215 | 234 107 | 22553 | 24772 | 1922.82 | 237 107 | 14 107
1o? 1072 1072 1072 102 2.09 1072
Recovery 22 102 [ 2oz 107 |2 1072 | 247 0072 | 231107 | 282 1077 | 2.7 167 - 2,65 1077
Theis 2 1072 | 1781077 | 131 192 | 201 102 | 2.38 10-2 | 2.18 10-2 | 1.63 10-2 - -
Hantush bo6 1071 [ 1.7 102 | 14 102 | £78 10-2 | 231 10-2 | 2.06 10-2 | £.53 102 - -
Neuman-Witherspoon (g 107 - - - - - - - -
Table 3 : Interpretated storage coefficient of the second aquifer by differemt methods.
Piezometer
s1 $2 S3 Sd 6 il S14 K4.5 W2 (well)
Method
Jacob 30 167 | 7.65 10—+ | 3.08 1070 | 292 107 | 466 107 | 463 107 | 603 1070 | 84 k0™ -
2.64 107 491 084 10° | 0.8 107 | 246 107°
Recovery - - - - - - - -
Theis 34 107 | tov o | 339107 | 427 107 | 440 1ot | 546 104 | £O7 107 - -
Hantush 49 107 [ 8e70” | 3oz 107 | 678107 | so6 0t | se 107 | 84 1o - -
Nenman-Witherspoon 47 107! - - - - - - - -

27




30

WwW00s% 44

00L5H>08 %
oes u»st [
s v s [

08 FD0>0¢

0> 0=>61

ssors [ ]
{4e0h 2w, i 01) S5 0> 0 D

ALISNIA SNIdiANd

il ¢

swonpsuap adauaar pure Suiduing

vepItD

3]

~i

-
s’
’ 1
P A
7 Y
N
] N
AN

7 e ~

/ i 3
NS 4
\\4_ a

’ ,.\ A //,
S,

= 4.

Ll .

T nth _.TH Ly ,.,‘
_— e — o
=] 2'!.!01 3

e A

f 4 G UNWIHOT Y
.
|
A

el
o
104
i—
._‘\.n

2t

any
P \,\
: XLLl
% 2 =
: \
v e " " -~ -
LR Lodisia
3 .~ AL Nd
e fem o
P |
. b
: \
T s 1
] O NN
. Lt E..:“. T
Y, o ) PiBuayy
e N
|
wa) Bucy B ‘.
-
‘
,
.
o "1
.
'
'
1
L

28




31

Negative pumping = Recharge

Fig. 3: Pumping evolution as a function of time {second aquifer).

by the Shanghai Geological Center. A preprocessing
program has allowed all the data to be entered auto-
muatically in the LAGAMINE code. Table 4 summarizes
this information, with mean annual values for the
studied zone.

Table 4 : Annual pumping and recharge values in the second aquifer.

YEAR Pumping (x 1 m“} Recharge (X 10h
1975 527.89 649.52
1976 436.35 641.03
1977 419.57 601.30
1978 648.16 686.73
1979 585.88 690.80
1980 549.25 697.25
1981 596.59 824.11
1982 541.85 822.56
1983 618.59 802.47
1984 586.41 330.38
1985 599.31 862.03

The mean annval values of rainfall and evapotranspira-
tion are estimated respectively to 1142 and 1427 mm
of water (data from the Shanghai Geological Center).

Generally, about 52 % of the rainfall takes place in Sep-
tember and 68 9% of the evapotranspiration during the
period of May to September, Moreover, the runoff
seems Lo be very important due to the high degree of
urbanization in the central area of Shanghai. Because
of these facts, it is considered that only very small in-
filtration is coming from rainfall and that the main part

2 . Pumping
m3/s
1.5L
i L
5 | /
|
¢ L
. 5 1 i 1 i 1 1 3
20 30 40 50 6C 70 80 YEAR

S0

of the infiltration is leaking from the “phreatic aguifer”
and the Huang-Pu River. This infiltration is limited by
the low permeability of the semi-pervious layers.

Water pressure variations in the aquifers and
aquitards

Due to the intensive withdrawal of water, the pore pres-
sures of the first and second aquifers have progres-
sively decrcased to reach a maximum decrease of 33
to 35 meters of water between 1960 and 1965 in the
Pu Tuo district (western part of the study area).

Piezomelric maps have been drawn with data from
about 40 piezometers located in (or near) the zone. For
example, Figures 4 and 5 show the piezometric maps
of September 1960 and September 1981.

At five monitoring points the piezometric heads have
been continuously recorded from 1962. For instance,
Figure 6 shows the water pressure evolution as a func-
tion of time at different points, respectively called 10-4,
H3-5 and 143-1 (the location of the points is shown
on the map of Figure 7).

The following observations can be made about these
evolution curves:

— no continuous measurement is available before

1962,

29




I - Fig. 4 : Measured piezometric map,
i September 1960,

Fig. 5: Measured piczometric map,
September 1981.
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- before 1965, the lowest levels are reached with pie-
zometric heads between — 20 and — 33 m from the ref-
ereiice zero level;

— after 1970, variable amplitudes of piezometric oscil-
lations are observed (from 6 to [2 meters), depending
of the proximity of an important pumping/recharge well.

Due to the contrast in permeability between aquifer lay-
ers and the aquitards, it is evident that the water pres-
sure variations propagate more rapidly through the
aguifers and by their connections than vertically
through the aquitards of low permeability. Some clayey
zones, where the variation of pressure takes years pene-
trate completely, are entirely swrounded by zones
where the variation of pressure in the sandy layers takes
only I or 2 days. As an example, we can apply the
analytical solution to the Fourier eguation describing
the propagation of a pressure variation (Ap} in a porous
medium. The following results are found :

- in aquifers (K =1 10~ m/s and Sg=1 10~ m1)
80 % of any Ap is propagated at 100 m in | day;

— in aquitards (K =1 10 w/s and S,=1 107% m™)
80 % of any Ap is propagated at 1 m in 100 days.
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Measured subsidence

If geostatic pressure is assumed constant {the com-
pressibility of the water being neglected in comparison
with soil compressibilities) and if the Terzaghi principle
is applied, the increase in effective stress in a confined
aquifer system is equal to the reduction in pore pres-
sure. In the clayey interbeds and confining beds (agui-
tards), the full dissipation of the variation of pore
pressure and the full increase of effective stress may
require many years or even decades. Anyway, if the
sediments are somewhat compressible, it is admitted
that the decrease of water pressure must cause com-
paction,

The first measurements of the subsidence in Shanghai
were made in 1921, Since this date, the subsidence rate
has increased continnously until 1962-1965. After 1965,
stabilization was obtained with a small rebound and fol-
lowed by residual subsidence of between 1 and
3 mm/year.

The measured total subsidence presented on Figure 7
concerns the 300 m i.e. the total thickness of the loose
sediments overlying the bed rock in Shanghai.
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Fig. 7: Location map of the measurement points. Total measured subsidence.
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Since 1962 and mainly after 1965, measurements in
separate layers are provided by extensometers, placed
in different monitoring holes. Results of these measure-
ments in holes 10-4 and F7 are shown on Figure 8.

Sometimes the compaction measured by extensometers,
relative to the upper 70 meters appears more important
than the value of the total subsidence (relative to the
300 m) measured by a bench-mark. This observation
illustrates that the quality and the reliability of the
measurements depend to a large extent on the methods
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which are used: extensometers or bench-marks.
Moreover, in this area, the elevation levelling has to
be integrated in a very large network which is linked
to reference points situated at about 100 km from Shan-
ghai {where bed rock outcrops are supposed to repre-
sent a fixed level).

According to the specialists of the Shanghai Geclogical
Center (Bao Manfang, and Su Heyuan) 65 % to 85 %
of the total subsidence may objectively be attributed
to the compaction of the upper 70 meters of sediment.
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Conclusions

The first and second aquifers constitute two confined
sandy aquifers interbedded in impervious clayey layers.
Their horizontal dimensions are very large in compari-
son to their thickness. The differences in pore waler
pressure, induced by pumping or recharge are more
easily propagated horizontally than vertically because
of the permeability contrast between aquifers and aqui-
tards.

However, in the southern part, the connections between
the first and second aquifers provoke in this zone a
faster propagation.

The measured piezometric maps and the evolution of
the piezometric heads at different points will be used
in the calibration of the 3D model.

The total measured subsidences since 1920, and the
compactions measured in the different layers since
1962, will be used in the calibration procedure of the
flow-compaction model.
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