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Abstract: In order to predict the ground settlement in a scientific, intuitive, and simple way, based
on the theory of Bio-consolidation, a three-dimensional fluid-solid coupled numerical calculation
programme FGS-3D for ground settlement was compiled by using the Fortran 95 language, and
a front-end operation platform was developed by using Microsoft VisualBasic, so that a three-
dimensional variable-parameter fully coupled viscoelastic-plastic model of ground settlement was
constructed using the city of Yancheng as an example, and the development of ground settlement
and horizontal displacement changes from 2021 to 2030 were predicted. The results show that the
three-dimensional fully coupled finite-element numerical model of building load, groundwater
seepage, and soil deformation established by the above computer development program can directly
create a hydrogeological conceptual model of groundwater mining and predict ground settlement, so
as to achieve the visualisation of the three-dimensional seepage of groundwater and the fully coupled
simulation of ground subsidence in the whole process of groundwater mining. Under the joint action
of construction load and groundwater mining, the water level of the aquifer in Yancheng City rises by
1.26 m on average in the main groundwater mining area of the group III pressurised aquifer, forming
two smaller landing funnels, and the lowest water level of the two landing funnels is −15 m.

Keywords: Biot’s consolidation theory; groundwater exploitation; ground settlement; numerical
modelling; Yancheng City

1. Introduction

Ground subsidence hazards are concerns of all corners of society, including the econ-
omy, law, groundwater resources, flood control planning, and urban construction, and
cause significant changes in urban geomorphological patterns and failure of the original
level elevation. In a way, controlling ground subsidence is not only a geological disaster
problem, but also a regional environmental problem [1].

Prediction methods for ground settlement caused by groundwater extraction can be
divided into empirical, semi-theoretical, and theoretical methods [2–11]. Ground settlement
deformation caused by the release of water from a weakly permeable layer is difficult to
portray without establishing water flow equations and modelling water level changes.
At the same time, if the coupling of groundwater seepage and ground settlement is not
realized mechanistically, only the groundwater seepage model is coupled with the ground
settlement model through a certain physical quantity, which is only a partially coupled
model, especially if the three-dimensional nonlinear deformation of the soil layer is not
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taken into account [12], and the soil deformation models adopted are therefore all one-
dimensional linear elastic models, which are not able to simulate the prediction of horizontal
deformations of the soil layer [13,14].

Currently, the mathematical models used to simulate the prediction of groundwa-
ter mining and ground subsidence, both domestically and abroad, are mainly based on
Darcy’s law and Terzaghi’s one-dimensional consolidation theory, which are based on the
coupled model of groundwater mining and ground subsidence (Romolo Di Francesco,
2013 [15]; Rogers, 2016 [16]), in which the coupled model of groundwater mining and
ground subsidence is the most important one. Xu et al. proposed a numerical model which
considered 3D seepage and 1D consolidation [17], but the numerical model could not
predict the horizontal displacement. This method failed to achieve full coupling. Zhang
et al. predicted the land subsidence using Biot’s theory [18], but the constitutive model
only considers elastic deformation. Wang et al. constructed a 3D model using TOUGH and
FLAC3D equipped with a thermo-elastoplastic constitutive model [19]. The model was
used to reproduce groundwater flow, heat transfer, and mechanical responses in porous
media. However, the numerical model did not consider the variation of parameters.

In this study, we presented a three-dimensional coupled numerical analysis pro-
gramme for groundwater mining and ground subsidence, FGS-3D, in Fortran 95. The
parameters of the soil are not treated as constant in the programme. Yancheng City, a region
located in China, is selected as an example. The groundwater level and the soil deformation
are calculated by the programme [20–22].

2. Materials and Methods

In this study, a three-dimensional fully coupled finite-element program FGS-3D for
groundwater mining and ground subsidence was developed in Fortran 95, a software
system that has added new procedures for the overall manipulation of arrays, internal
functions of arrays, and dynamic arrays, with the newest feature being the ability to
perform modular operations. A modular operation is a programme unit but separate
from the main programme, and contains a set of subroutines and functions constituting
a “function library” in order to be readable and portable by the operator, just like the
difference between subroutines and functions and the main programme.

2.1. Biot’s Consolidation Theory

The three-dimensional water-soil fully coupled mathematical model, as shown in
Equation (1), is established based on the more rigorous theory of Biot’s consolidation [23–28].
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(1)

where G is the shear modulus; ν is the Poisson ratio; wx, wy, and wz are the displacement
components in the x, y, and z directions; u is the pore water pressure; kx, ky, and kz are the
hydraulic conductivities in the x, y and z directions; γ is the specific weight of soil; γw is
the specific weight of water, and ∇2 is the Laplace operator.

Equation (1) can be abbreviated as:{
−[B]T [D][B]{w}+ [B]T [M]u = { f }
[C]T ∂

∂t{w} − 1
rw
[C]T [K][C]u = {Q}

(2)

where {w} =
{

wx, wy, wz
}T : x, y, z are the displacements of the computational point in the

corresponding direction; [D] is the matrix of stress-strain relationships (the constitutive
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equations); { f } =
{

fx, fy, fz
}T : x, y, z is the volume force at that point in the direction of

the body force; u is the hyperstatic pore water pressure; [M] = {1, 1, 1, 0, 0, 0}T ; the perme-
ability coefficients are kx, ky and kz in three separate directions; Q is the equivalent flow rate

at the point of calculation; [C] =
[

∂Ni
∂x

∂Ni
∂y

∂Ni
∂z

]T
(i = 1, 2, · · ·, 8); γw is the heaviness of

water; [K] =

kx 0 0
0 ky 0
0 0 kz

; and Bi =


∂Ni
∂z 0 ∂Ni

∂y 0 0 ∂Ni
∂x

0 ∂Ni
∂z

∂Ni
∂x 0 ∂Ni

∂y 0
∂Ni
∂x

∂Ni
∂y 0 ∂Ni

∂z 0 0


T

(i = 1, 2, · · ·, 8).

The soil constitutive relationship is a mathematical expression describing the stress-
strain relationship of the soil. Rheologically characterised soils are viscoelastic-plastic
bodies with elastic, plastic, and viscous properties. The total strain increment dε is the elastic
dεe, viscoelastic dεve, and viscoplastic strain increments dεvp. Then, the strain increment
when considering the rheological properties of the soil can be expressed as:

dεv = dεe + dεve + dεvp (3)

1. Dynamic modelling of parameters

(1) Non-linear relationship between the permeability coefficient and effective porosity

Under the influence of construction loading and groundwater mining, pore water
stress dissipation causes soil skeleton stress redistribution, and the stress state in the
soil changes, which is macroscopically manifested in the consolidation and deformation
of the soil, and in changes in parameters such as effective porosity n and permeability.
According to the Kozeny–Carman equation, combined with the theory of Bio-consolidation
and the actual situation in the study area, ignoring the changes in the surface area of the
geotechnical particles and the small changes in the volume of the thermally expanding
particles, we can obtain the equation of the relationship between the permeability, the body
strain, and the initial effective porosity as follows:

k =
k0

1 + εv
·
(

1 +
εv

n0

)3
(4)

where n0 is the initial porosity, k0 is initial penetration rate. and εv is body strain.

(2) Nonlinearity of the deformation modulus and Poisson’s ratio

According to Duncan–Chang model, the expressions for tangential deformation mod-
ulus and tangential Poisson’s ratio are as follows:

Et =

[
1 − Rf

(1 − sin φ)(σ1 − σ3)

2c cos φ + 2σ3 sin φ

]2
kpa

(
σ3

pa

)m
(5)

νt =
β − Flg

(
σ3
pa

)
1 − D(σ1−σ3)

αpa

(
σ3
pa

)m
[

1− Rf(1−sin φ)(σ1−σ3)
2c cos φ+2σ3 sin φ

]
2 (6)

2. Fixed Solution Condition

(1) Initial conditions

1⃝ The initial condition of the pore water pressure is the flow field of each aquifer on 1
January 2016, the value of which is given by the actual measurement, and the initial flow
field of the weak aquifer between each aquifer is given by the interpolation of the upper
and lower aquifers:

u(x, y, z, t) | t=0 = u0(x, y, z) = γwh0(x, y, z, t0) (x, y, z) ∈ Ω (7)
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where u0(x, y, z) is the known initial pore water pressure in the study area, h0(x, y, z, t0) is
the initial head value, γw is the heavy for water, and Ω is the entire study area.

2⃝ Geostress initial conditions
The self-gravity stress of the soil was used to estimate the initial stress of the soil:{

σz = γz
σx = K0γz

(8)

where σx and σz are the initial horizontal and vertical stresses in the soil body, z is the
depth of the calculation point for each layer, K0 is the static lateral pressure coefficient

K0 =

{
1 − sin ϕ′

0.95 − sin ϕ′
sand
clay

, and φ′ is the effective angle of internal friction.

3⃝ Displacement initial conditions
The initial displacement values for each aquifer on 1 January 2016 were set to 0 as the

initial condition for displacement in the model:

w(x, y, z, t) | t=0 = 0 (x, y, z) ∈ Ω (9)

(2) Boundary conditions

1⃝ Flow boundary conditions Γ2 are as follows:

K
∂H
∂n

∣∣ Γ2 = qL (10)

where qL is the known flow rate per unit area Γ2 on the boundary.
2⃝ Free surface boundary conditions Γ3 are as follows:

u = Z; q = −µ
∂u
∂t

cos θ (11)

where µ is the degree of soil watering, θ is the angle of intersection of the direction of the
normal to the outside of the free surface and the vertical line, q is the flow rate per unit
area through the free surface boundary Γ3, and Z is the elevation at which the free surface
is located.

3⃝ Displacement boundary conditions Γ4 are as follows:

wx|Γ4
= wx

wy
∣∣
Γ4

= wy

wz|Γ4
= wz

(12)

where wx, wy, wzare the known displacements in the three directions on the displacement
boundary Γ4, and the displacements in the three directions on the displacement boundary
are taken to be 0 for this simulation.

2.2. Research on the Development of the Software Programme

The three-dimensional fully coupled numerical analysis program of the building
(structural) loading, groundwater mining and ground settlement was compiled using
Fortran 95 [29–32], of which the structure block diagram of the free surface iteration
algorithm is shown in Figure 1, that of the viscoelastic-plastic stress analysis iterative
algorithm is shown in Figure 2, and that of the fully coupled analysis procedure is shown
in Figure 3.



Water 2024, 16, 2487 5 of 17

Water 2024, 16, x FOR PEER REVIEW 6 of 18 
 

 

 

Figure 1. Block diagram of the structure of the free surface iteration algorithm. Figure 1. Block diagram of the structure of the free surface iteration algorithm.



Water 2024, 16, 2487 6 of 17

Water 2024, 16, x FOR PEER REVIEW 7 of 18 
 

 

 
Figure 2. Block diagram of the iterative algorithm for viscoplastic-elastic-plastic stress analysis. Figure 2. Block diagram of the iterative algorithm for viscoplastic-elastic-plastic stress analysis.



Water 2024, 16, 2487 7 of 17

Water 2024, 16, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 3. Block diagram of the fully coupled analysis procedure. 

In order to make the above groundwater unsteady seepage three-dimensional finite-
element computer programme and the groundwater seepage and soil deformation fully 
coupled three-dimensional finite-element computer programme have better application 
value, stronger operability, and better expression of the calculation results, we developed 
the groundwater system model (GSM) using the Microsoft Windows 11 operating system 
environment and Microsoft VisualBasic 6.0 language The software consists of seven com-
ponents: file, modelling, data module, calculation module, post-processing module, re-
store, and help. The functions of each constituent module are shown in Figure 4. 

Figure 3. Block diagram of the fully coupled analysis procedure.



Water 2024, 16, 2487 8 of 17

In order to make the above groundwater unsteady seepage three-dimensional finite-
element computer programme and the groundwater seepage and soil deformation fully
coupled three-dimensional finite-element computer programme have better application
value, stronger operability, and better expression of the calculation results, we developed
the groundwater system model (GSM) using the Microsoft Windows 11 operating system
environment and Microsoft VisualBasic 6.0 language The software consists of seven compo-
nents: file, modelling, data module, calculation module, post-processing module, restore,
and help. The functions of each constituent module are shown in Figure 4.
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Figure 4. Functions of software modules.

The drop-down menu includes options for both AutoCAD models and ANSYS models
for pre- and post-processing graphic files. The modelling module generates 3D stereo mod-
elling and raw calculation files, mainly including identification of the model, rectangular
area units and node information, initial and boundary conditions, and well information
generation. The data module loads and modifies model-specific parameters, including
parameters, initial conditions, boundary conditions, well files, solutions, and time steps.
The calculation module selects different calculation methods to calculate and solve the
finite element model in different ways. The drop-down menu includes two items: a three-
dimensional seepage calculation and three-dimensional Beal consolidation seepage and
stress field fully coupled calculation, compiled by the Visual Fortran 95 language. In this
study, the fully coupled calculation method of groundwater extraction and ground subsi-
dence is used. The post-processing module is mainly for providing output and graphing of
calculation results, including generating dynamic curves, outputting data, and drawing
contour plots.

The hydrogeological conceptual model of groundwater mining can be created directly
on the computer, and identification of the model and forecasting of the model can be carried
out so as to achieve the visualisation of the fully coupled simulation and calculation of the
three-dimensional seepage of groundwater and ground settlement in the whole process of
groundwater mining.
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3. Model Setup

Based on the visual computer model (GSM) developed in this study, in order to verify
its correctness and practicability, it was practically applied to the Yancheng City Ground
Subsidence Project.

Geological profile: Yancheng City is located in the eastern coastal open area of Jiangsu
Province, in the middle of the North Jiangsu Plain, east of the Yellow Sea, with rich land,
sea, and mudflat resources, and is the prefecture-level city with the largest land area and
the longest coastline in Jiangsu Province. The study area is mostly a vast plain area with no
bedrock outcrops, dominated by loose rock-like pore groundwater, which is very deeply
buried, mostly greater than 1000 m. Details of the division of the aquifer groups are shown
in Table 1.

Table 1. Comparison table of aquifer group division.

Aquifer Age Rock Stratum
Aquifer

Thicknesses
(m)

Top Plate Burial
Depth (m)

Substrate Burial
Depth(m)

Submerged and slightly
pressurised aquifer groups Holocene Silt tip group 5~40 / 20~40

Group I pressurised aquifer Late Pleistocene Gunnan Group 5~20 20~45 45~70
Group II pressurised aquifer Middle Pleistocene Xiaoxiangzhuang Group 20~50 50~100 130~170
Group III pressurised aquifer Early Pleistocene Five Teams Township Group 10~60 150~180 190~270

Discretisation of the model: According to the structural characteristics of the Quater-
nary stratigraphy in Yancheng City, the study area was dissected using a three-dimensional
model. The entire study area can be divided into 4355 rectangular grid cells in the plane,
and vertically into a total of seven separate layers from top to bottom for the calculations,
including submersible aquifers, group I pressurised aquifers, group II pressurised aquifers,
group III pressurised aquifers, and weak aquifers of clayey soils between the aquifers. The
vertical depth ranges from 230 to 350 m and covers an area of 2130 km2. The total number
of units is 30,485 and the total number of nodes is 36,984 (Figure 5).
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Figure 5. Grid subdivision stereogram of the study area.

Identification of model: Using the finite-element computer model developed here,
observations from 1 January 2016 to 31 December 2020 were selected for inverse analysis
of the parameters of the model. Every 3 months is a stress cycle, and the five years were
divided into a total of 20 stress periods, with each stress period being one time step. After
identification of the model, the model was dissected into 54 parameter partitions. Taking
the group III pressurised aquifer as an example, the parameter zoning is shown in Figure 6
and the parameter values are summarised in Table 2. The calculated flow field in the
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confined group III aquifer as of 31 December 2016 is shown in Figure 7, and the calculated
flow field as of 31 December 2018 is shown in Figure 8. The calculated amount of ground
settlement over the two years from 1 January 2016 to 31 December 2018 is shown in Figure 9.
The fit for the 2016–2018 levelled observations is shown in Figure 10.
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Table 2. Summary of parameter values for each parameter partition in the group III pres-
surised aquifer.

Partitions

Coefficient of Permeability in the
Direction of the Main Axis

(m·d−1)

Deformation
Modulus

(MPa)

Poisson’s
Ratio

Cohesion
(KPa)

Friction
Angle (◦)

Expansion
Angle (◦)

Severity
(KN·m−3)

Effective
Porosity

Kxx Kyy Kzz E ν c φ ψ Γ n

44 13 13 1.3 45 0.39 5.8 34.8 0 20.18 0.435
45 12 12 1.2 46 0.41 6.2 34.2 0 20.54 0.432
46 18 18 1.8 50 0.4 6 33.7 0 21.62 0.426
47 20 20 2 48 0.38 5.9 33.4 0 20.35 0.42
48 16 16 1.6 46 0.36 6.5 32.8 0 21.24 0.433
49 12 12 1.2 53 0.39 6.4 32.5 0 21.33 0.428
50 14 14 1.4 48 0.37 6.1 33.4 0 21.17 0.419
51 9 9 0.9 49 0.41 5.8 35.5 0 20.93 0.413
52 8.5 8.5 0.85 51 0.43 5.7 36.1 0 20.54 0.417
53 3 3 0.3 47 0.45 5.3 37 0 20.36 0.437
54 4.5 4.5 0.45 45 0.46 5 37.5 0 20.22 0.422
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According to our previous study, the deformation modulus (E), cohesion (c), and
specific weight of soil (γ) have significant impacts on land subsidence, and the vertical
hydraulic conductivity (Kzz) has a minimal impact on land subsidence [33].

The water balance elements per year for the group III confined aquifer from the model
identification calculations are detailed in Table 3. From the table, it can be seen that the
groundwater inflow and outflow of each aquifer group in each regime period are basically
equal, which indicates that the model has good convergence and stability, and it can be
used to predict the characteristics of the stress-strain dynamics of the groundwater system
in the future.

Table 3. Table of inflow and outflow from the group III confined aquifer.

Vintages Inflow (m3·d−1) Outflow (m3·d−1)

2016 112,971.3 107,914.38
2017 123,832.22 117,363.11
2018 114,567.35 90,794.41
2019 109,878.81 88,460.83
2020 91,473.88 70,632.2

4. Results and Discussion

Prediction of the model: The ground subsidence model was used to simulate and
predict the development trend of the groundwater flow field and ground subsidence in
various aquifers in Yancheng City from 1 January 2021 to 31 December 2030 under the joint
action of building loads and current groundwater mining.

The average rise in the water level of the group III pressurised aquifer from 1 January
2021 to 31 December 2030 is 1.26 m when considering the effects of building loads and
current groundwater extraction. In the main groundwater extraction area of the group
III pressurised aquifer, two smaller landfall funnels are formed: first is the area bounded
by the towns of Qinnan and Xuefu, and second is in the vicinity of Lungang Township.
The minimum water level in these two landing funnels is −15 m. However, the group III
pressurised aquifer still shows a regional large funnel centred on Longgang Town–Guo
Mang Town–Qinnan Town–Xuefu Town. The predicted cumulative maximum ground
rebound in Yancheng City from 1 January 2021 to 31 December 2030 is 81.5 mm, and the
maximum ground rebound rate is 8.15 mm/a, which is mainly located in Dagang Town
and Bicang Town. The predicted cumulative maximum ground settlement is 3 mm, and the
maximum ground settlement rate is 0.3 mm/a, mainly located in the vicinity of Chengbei
District and Longgang Town. Due to the small amount of extraction, the groundwater level
in the study area has continued to rebound, and rebound has occurred in the study area
as a whole, but in the centre of the city, where the building loads are high, the amount of
ground rebound has been small, and even slight subsidence has occurred.

Details of the predicted flow field map, compressibility contour map, and horizontal
displacement map of the group III pressurised aquifer are shown in Figures 11–13; the
10-year cumulative ground subsidence contour map is shown in Figure 14.

Discussion: When simulating the change in groundwater level from 1 January 2021 to
31 December 2030, an analysis of Figures 7 and 8 showed that the water level of the group
III pressurized aquifer rises by an average of 1.26 m. In the main groundwater extraction
area of the group III pressurized aquifer, two smaller landfall funnels were formed: the first
one is the area bounded by Qinnan Town-Xuefu Town, and the second one is in the vicinity
of Longgang Town, where the lowest water level is −15 m. In addition, a regional large
funnel centred on Qinnan Town-Guo Mang Town-Xuefu Town is still shown. In addition,
the group III pressurised aquifer still shows a regional large funnel centred on Longgang
Town–Guo Meng Town–Qinnan Town–Xuefu Town.
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From the contour map of the compression volume from 1 January 2021 to 31 December
2030, it can be seen that the maximum compression volume of the Yancheng Submerged
Aquifer is 14 mm, located in the west area of the city; the maximum horizontal displacement
is 3 mm, mainly located in the west area of the city and the south area of the city. The group
III pressurised aquifer undergoes a relatively large rebound, with a maximum rebound
of 16.5 mm, mainly located in Xinxing Town, and a minimum rebound of 5.5 mm, mainly
located in Beilonggang; the maximum horizontal displacement of 1.5 mm is located in the
vicinity of Guomeng Town and Longgang Town.
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Under the conditions of building loads and current groundwater exploitation, the
predicted cumulative maximum ground rebound from 1 January 2021 to 31 December 2030
in Yancheng City is 81.5 mm, and the maximum ground rebound rate is 8.15 mm/a, mainly
located in the towns of Dagang and Bicang. The predicted cumulative maximum ground
settlement is 3 mm, and the maximum ground settlement rate is 0.3 mm/a, mainly located
in the vicinity of Chengbei District and Longgang Town.

Vertically, the submersible aquifer and the group I weak aquifer are the main layers in
which subsidence occurs, accounting for 45.5 per cent of the total deformation; the group
II and III compressive aquifers are the main layers in which soil rebound is triggered by
the current groundwater exploitation, accounting for 47.8 per cent of the total deformation.
The recovery of the groundwater level is characterised by rapid growth in the early stage
and gradual stabilisation in the later stage.
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5. Conclusions

1. In this study, based on the free surface solution method and the incremental solution
method for elasto-plastic problems, the Fortran 95 language was used to prepare the
three-dimensional coupled numerical analysis programme FGS-3D for groundwater
mining and ground settlement. In order for the software to be more operable and to
provide a better representation of the calculation results, the Groundwater System
Model (GSM) was developed using the Microsoft VisualBasic 6.0 language under the
Microsoft Windows 11 operating system environment.

2. On the basis of fully investigating and analysing the hydrogeological and engineering
geological conditions of Yancheng City, as well as the soil mechanical properties of
the Quaternary strata and the distribution characteristics of the loads of high-rise
buildings on the ground, a three-dimensional fully coupled finite-element numerical
model of the loads of buildings, groundwater seepage, and deformation of the soil
in Yancheng City was established. After identification of the model, the simulation
predicted the year-by-year trends of soil compression deformation and horizontal
deformation from January 2021 to December 2030 in terms of the superimposed effects
of high-rise building loads on the ground and groundwater extraction.

3. Under the action of construction loads and the current groundwater exploitation,
the water level of the group III pressurised aquifer in Yancheng City rose by 1.26
m on average in 10 years. In the main groundwater extraction area of the group III
pressurised aquifer, two smaller landfall funnels are formed, and the lowest water
level of these two landfall funnels is −15 m. The 10-year cumulative maximum
ground rebound was 81.5 mm, with a ground rebound rate of 8.15 mm/a. There
are three typical ground rebound funnels in Yancheng City, including the large-scale
rebound funnel centred on Dagang and Bicang towns, the subscale rebound funnel
centred on Louwang and Xuefu towns, and the very small rebound funnel in the
city centre.

4. Under the action of construction loads and current groundwater exploitation, the
maximum compression of submersible aquifer in Yancheng City from 1 January 2021
to 31 December 2030 is located in the west part of the city; the maximum compression
of the weakly permeable layer of the group I clayey soil is also located in the west
part of the city; the maximum rebound of the group I compressible aquifer is located
in the east part of Dagang Town; the maximum rebound of the weakly permeable
layer of the group II clayey soil is located in Beilonggang; the maximum rebound
of the group II compressible aquifer is located in Bencang Town and Dagang Town;
the maximum rebound of the group III clayey soil is located in Xinxing Town. The
maximum resilience of the group II clayey soil weakly permeable layer is located in
Beilonggang; the maximum resilience of the group II compressible aquifer is located
in Bicang Town and Dagon Town; the maximum resilience of the group III clayey
soil weakly permeable layer is located in the north part of the city and Longgang
Town; the maximum resilience of the group III compressible aquifer is located in
Xinxing Town.
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