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Introduction



Case study

• Su-Xi-Chang area is one of the typical regions in China which suffers 
from severe land subsidence

• By the end of last century, the average cumulative subsidence was over
1 m in Su-Xi-Chang area, and the maximum subsidence was more than
2 m.

• An integrated numerical groundwater and land subsidence model is
proposed considering the complexity of the deformation patterns of
the different hydro-stratigraphic units in a regional scale
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Geographical location and 
hydrogeology of Su-Xi-
Chang area

The multilayer aquifer 
system consist of four 
aquifer units, including one 
unconfined aquifer and 
three confined aquifers, and 
four aquitard units.
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Groundwater 
pumping and land 
subsidence

According to the F00 
extensometer in Changzhou: 
clay layers above the second 
confined aquifer, which 
contributed 57.15% of total 
subsidence.
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Mathematical model



Deformation
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The deformation of the hydro-stratigraphic
units in the aquifers and the aquitards can be
divided into elasticity, plasticity, visco-elasticity
and visco-elastic-plasticity.



Groundwater flow model
The general expression of 
governing equation for flow 
(Gambolati and Freeze 1973) is:

The expression of the second term 
in the right hand of is different 
depending on different constitutive 
laws.
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• Boundary condition:

• Initial condition:

• Boundary conditions

For Dirichlet boundaries (specified head) 
head

For Neumann boundaries (specified fluxes)Where: 
H is hydraulic head 
K is hydraulic conductivity 
𝛾 is volume weight of water 
𝛽 is volume compressibility of water
∅ is porosity, 
𝜀 is the vertical strain
H0(x, y, z) is the initial groundwater level 
H1(x, y, z,t) is the known-head at the 
Dirichlet boundaries 
q(x, y, z, t) is the normal unit flux of the 
Neumann boundaries Г2;
no flow boundaries, q equals zero



Deformation model
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When the deformation is elastic, the 
expression is:

When the deformation is visco-elastic, the 
equation expression is shown as (2), and the 
difference is that the coefficients in (3) are 
constants.

(2)

When the deformation is elasto-plastic, 
the equation expression is similar to (2). 
The difference is that the volumetric 
compression coefficients are different 
under elastic and plastic deformation.

(3)

(4)

When the deformation is visco-elasto-
plastic, the
equation expression is the same as (2). 
The parameters in the equation are:



Coupled system • The hydraulic conductivity is afunction of the 
void ratio

For clay, the relationship between the 
hydraulic conductivity and the void ratio 
is:

For sand, the relationship between the 
hydraulic conductivity and the void ratio 
is:

The coupling of the groundwater
flow model and the deformation
model is accomplished changing the
parameter according to the
effective stress and the void ratio
values.
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Where
K0: is the initial value of hydraulic conductivity
m: is a parameter 
e0: is the initial value of void ratio 
e: is the void ratio
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The slope loading curve is 
compression index (Cc) and 
slope of the unloading curve (Cs) 
is swelling index. 

Thus, the index can be 
determined as:

Cc/s = (e1 – e2) / (log σ'2 – log σ'1)

Example:

The volumetric compression coefficient is a function of the effective stress and the void 
ratio:



The conceptual model

• The screens of the wells in the first confined aquifer are basically located in the
lower part of the aquifer

• The total stress of the soil units is supposed to keep constant. The soil
deformation is assumed to be 1D (vertical).

• Boundaries condition:

▪ The southern boundary around Taihu Lake is treated as the Neumann
boundary.

▪ The eastern and southeastern boundaries are treated as no flow
boundary.

▪ The bottom of the aquifer system is impermeable Pre-Quaternary
bedrock, regarded as the no flow boundary.

▪ Precipitation is the main source of supply for groundwater resources in
the study area.

▪ The main discharges are evaporation from the shallow unconfined
aquifer and artificial exploitation from the deep aquifers.
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Results and discussion



Land subsidence model calibration and verification
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Prediction
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Conclusions



• This model calculates hydraulic heads and deformation in two steps 
and couples them by changing parameters as functions of the 
hydraulic heads and deformation.

• MsFEM is adopted to solve the model. This method can incorporate 
the different lithological properties in one element and hence reduce 
the total number of elements in the calculation.

• The constructed model is reasonable and reliable. It can reproduce 
the flow situation under the condition of land subsidence and the 
continuous consolidation of the hydro-stratigraphic units
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Personal research results
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Synthetic model
Nine layers were created to the Groundwater Modeling System (GMS) to 
develop the groundwater flow model, using the 3D Grid Approach

Geological synthetic model
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Groundwater flow

Groundwater head (pumping layer) Vertical displacement
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Simplified model
Because of some difficulties from the synthetic model, the simplified model was built 
with the geological system which based on synthetic model 1. 

Geological simplified model



Groundwater flow and vertical displacement
The model is divided into 50 periods, each period has 1 step, and the length of each step 
is 30 days, a total of 1500 times. The flow was influenced by the pumping wells. There is a 
high value of the vertical displacement around the pumping area, and the rate of the land 
subsidence is correlative with the drawdown of the hydraulic head in the clay system

Hydraulic head Vertical displacement
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Future works
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• Creating some drilling data from the original synthetic model, then using that 
data to re-create the synthetic model with a different method. Next, 
analyzing the impact of the geological uncertainty and also the sensitivity of 
the parameters in the model.

Geological simplified model

• Trying to calculate the mean value of the vertical displacement and the 
variance from the simplified model.

• After completing the simplified model, we will apply the SUB-Package into 
the synthetic model to make it work well.
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