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Introduction ﬁ:

Groundwater pumping and sinking cities: back to the forefront due to
the seqa Ievel rise threats (Showstack 2014, Gorelick and Zheng, 2015)

« global warming has caused a global mean sea-level rise ranging
from 17 to 21 cm from 1900 until 2010

IPCC report 2013 Global mean sea level change 1900-2010
( p s

relative to 1986-2005
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Venice, Mexico, Bangkok, Shanghai, Taipei, v
Jakarta, Tehran, New Orleans, Houston,
Tokyo, Ho Chi Minh City, Hanoi, ...

are only a few examples among the numerous ‘sinking cities’

even if consolidation processes are well known for along time
(Terzaghi 1943, Biot 1941, ..., Poland 1984, )

... they are still mostly ignored in every day life... as shown in
77 v many civil
: engineering
works




Cumulative values of man-induced subsidence

Venice:
Mexico:
Bangkok:
Shanghai:
Taipel:
Jakarta:
Tehran:

New Orleans:
Houston:
Tokyo:

Ho Chi Minh:
Hanoi:

(about 20 cm during the last century, but about 1 m in 2100)

... and present annual rates

0.15-0.3m (1-2 mmly)

13 m

(30 cmly)
(2 cmly)
(1.5 cmly)
(-0.5 cmly)
(26 cmly)
(15 cmly)
(8 mmly)
(2.5 cmly)
(-0.3 cmly)
(4 cmly)

(7 cmly)

... fo be added to rising sea-levels !
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lidati p
Consolidation e

- a drained process

- supposed essentially 1D

- by rearrangement of the grains/matrix
- essentially in loam, clay and peat

Zones where orientation of
argillaceous plates has changed

Initial clay aggregate Aggregate after partial consolidation
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Effective stress Terzaghi principle (1943) v

... hot the best but the more pragmatic concept...

o=0+p

total stress

effective stress, o'= o -

o' is the only responsible for consolidation process

(acceptable if volume compressibility > 20 solid and water compressibility)



Effective stress and water pressure variations i"l:

depth... in confined conditions .
P f o=0'+p
> > > unsaturated
. g . 1) Zone
15 Yunsat 15 YVunsat p /
N -\ safurated
"""'"/zone
I 1 (YSat _Vw) _ aquitard
Vsat
‘3""\ confined
f
\\ / aquifer
vdepth 'depth \
tO t]_ —_— tz ——————— t3 --------- t4 ............
for unsaturated media: for saturated media: for water:

yunsat - punsatg 7/38.12 — psatg 7/W — pr




Effective stress and water pressure variations in:l:
depth... in unconfined conditions
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Propagation of Ap and consolidation

y

=) transient and delayed processes

-

-

evolution of the sediments

=== decreasing porosity by

rearrangement of ‘grains’
rheological models

elasto-plastic and/or visco-elasto-plastic laws

clayey sediments characterized by a non-linear
elasticity combined with progressive plasticity
and viscosity

mm) models based on experimental laws
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Oedometer tests and coupling with groundwater :l:
flow in transient conditions
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Flow equation in saturated media:  4¢ — pga
S
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Additional non-linearity due to permeability ;l:
variation

for practical reasons: easier to handle a bi-linear law

log K = f(e)

_ 5 d—“ K>K. .
oK _| Cao
) _CC d_g KSKprec
Cv, O

5 >
_lOngrec — log K
(Dassargues 1995, 1997, 1998) 2



Bangkok

- thick (> 2000 m) sequence of

recent sediments

- top layer (15-20m thick) of clay

highly compressible

- then: a stiff clay layer and a first

sandy aquifer

- groundwater production still increasing > 2 10° m3/d

Initial
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different and
differential
settlements

due to heterogeneity,
different building
foundations

cumulative
subsidence: 2.30 m

(Phien-wej et al. 2006)
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Shanghai

coastal lowlands,
compressible sediments,
transition from an estuarine
to a fluvial system

absence in some zones of
DGSC (over-consolidated)
2.5min 1962 and a
maximum yearly rate of 98
mm between 1956 and 1959
since 1962, recharge main
exploited aquifers led to
elastic rebound

now again 18 mm/y
essentially in suburbs

(Zhang et al. 2007, Wu et al. 2010)

3D Groundwater flow model

Water pressure transient
simulation with constant
Kand S

Water pressures in aquifers and at
the boundaries of the clay layers

1D Flow-compaction model

composed of elasto-plastic
geomechanic columns
- with fine discretization of the
clay layers
- with S, and K variations in
function of stress state
- and pressure conditions at the
aquifer boundaries, modified
after each time step of the 3D
groundwater flow model

&
& |nitial conditions

¢ Data of pumping and
recharge

€— Boundary conditions

€—— Non-linearity relations

Dassargues , 1991
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Shanghai

Pore pressure
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Conclusions / perspectives &

during the last century, induced land subsidence >
sea-level rise (17 to 21 cm from 1900 until 2010)

but sea-level rise ranging from 0.5 m to 0.9 m by 2100 (IPCC
report 2013)

no miracle for remediation of land subsidence except to stop and
restore pore pressures

Injection of water
 elastic rebound only
* in deep confined saline aquifers
* physico-chemical reactions
* many uncertainties

better measurements with SAR (interferometric synthetic aperture
radar) and D-GPS techniques @ock et al. 2012)

more consideration of the hydrogeological conditions in the
land use planning
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