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Abstract: This study presents a coupled hydromechanical element-free Galerkin (EFG) model to simulate land subsidence induced
by groundwater withdrawal. The EFG algorithm was validated with unsaturated hydraulic and hydromechanical benchmark prob-
lems, showing satisfactory alignment with finite element method (FEM) and theoretical results. We investigated the effects of
groundwater pumping on land subsidence and hydraulic head variation in both isotropic and anisotropic aquifers considering un-
saturated effects. Our results indicate a nonlinear correlation between groundwater extraction and both hydraulic head decrease and
land subsidence increase. In anisotropic aquifers, initial discrepancies were observed between the EFG and FEM models, although
final land subsidence and hydraulic head values were closely aligned. Comparison results show that EFG's land subsidence and
hydraulic head decline trends for anisotropic aquifer exhibit a better agreement with the isotropic model compared with those of the
FEM. The parametric study revealed that the elastic modulus and Poisson's ratio significantly affect land subsidence levels. While
hydraulic conductivity influences the rate of hydraulic head decline and onset of subsidence, it has a minor effect on steady-state
values. These findings emphasize the importance of accurate in-situ measurements of elastic modulus and Poisson’s ratio for the
precision and reliability of feasibility studies in groundwater extraction projects.

Keywords: Land subsidence, Groundwater pumping, Coupled hydromechanical modeling, Element-free Galerkin (EFG),
Anisotropic aquifers, Unsaturated porous media

1. Introduction

Land subsidence typically results from either a natural disaster, such as earthquakes (Imakiire & Koarai, 2012) or landslides
(Tiwari et al., 2020), or human activities, such as the extraction of liquids from subsurface reservoirs (Galloway & Burbey, 2011).
As the global population continues to expand, coupled with the rapid growth of industrial and agricultural sectors, there has been a
heightened demand for the extraction of groundwater resources. In the last decades, land subsidence caused by groundwater exploi-
tation is considered a worldwide problem (Boni et al., 2015; Chai et al., 2004; Shirzaei et al., 2021; Wang et al., 2019; Xu et al.,
2008), particularly in arid and semi-arid regions (EI Kamali et al., 2021; Ghazifard et al., 2016). The Global Hydrological Assess-
ment, conducted by UNESCO in 2013, highlights the significant risk posed to sustainable development by land subsidence resulting
from water extraction from aquifers (Asadi & Ataie-Ashtiani, 2015; Donoso, M., Di Baldassarre, G., Boegh, E., Browning, A., Oki,
T., Tindimugaya, C., Vairavamoorthy, K., Vrba, J., Zalewski, M., & Zubari, 2012). It is imperative to comprehensively examine
the factors influencing land subsidence and devise effective strategies for predicting subsidence levels in aquifers under varying
exploitation scenarios to address potential crises adeptly. Groundwater depletion causes narrowing grain gaps and land subsidence.
Persistent land subsidence, stemming from changes in pore fluid pressure within solid grain fractures and voids (Amir Hosseini et
al., 2023), is presenting a challenge for restoration despite efforts to refill groundwater levels (Fulton, 2006). Global studies under-
score the significant contribution of groundwater-level decline to ground surface displacement. Examples such as Las Vegas Val-
ley(Bell et al., 2002), Mexico City(Khorrami et al., 2023), Antelope Valley (Siade et al., 2014), Coastal City of Lagos(Ohenhen &
Shirzaei, 2022), Jakarta Metropolitan Area (Abidin et al., 2004), and Mashhad City (Khorrami et al., 2020) emphasize the necessity
of scrutinizing land subsidence modeling in research. In certain cases, like Memphis, significant decreases in groundwater levels do
not manifest noticeable subsidence, which is potentially attributed to high reservoir density or the presence of rock reservoirs (Poland
& Davis, 1969). Studying the mechanical behavior of formations during liquid extraction reveals a nonlinear connection between
liquid extraction and regional land subsidence, highlighting the interplay between hydraulic parameters and subsidence and under-
scoring the importance of numerical modeling in understanding mechanisms affecting land subsidence (Asadizadeh et al., 2022;
Motagh et al., 2007; Mousavi et al., 2001).

Due to the challenges associated with studying land subsidence in laboratory settings, various numerical models have been
utilized to investigate this phenomenon. Previous studies have modeled land deformation using Finite Element Method (FEM)
(Kihm et al., 2007; Kim, 2005; Luo & Zeng, 2011; Yang et al., 2015). Asadi (Asadi & Ataie-Ashtiani, 2015) (2015) developed a
theoretical framework combining one-dimensional two-phase and two-dimensional single-phase equations, using the finite volume
method to compute settlements in elastic porous media, including saturated and unsaturated layers, focusing on Tehran's subsidence.
Rajabi (Rajabi, 2018) (2018) utilized PLAXIS 3D to simulate land subsidence in the Aliabad plain, Iran, considering aquifer pressure
variations and employing a theoretical framework based on consolidation theory. Compared to element-based models, meshless
methods provide some advantages, including employing higher-order continuity for interpolation, hence attaining precise represen-
tation of stress fields, facilitating the modeling of substantial deformations without the possibility of element distortion, and enabling
crack propagation simulation (Tey et al., 2020). The element-free Galerkin (EFG) technique (Belytschko et al., 1994) has been
employed as a numerical modeling tool for geotechnical problems (Dinesh et al., 2021; Iranmanesh et al., 2018; Iranmanesh & Pak,
2023; Tey et al., 2020; Tourei et al., 2024) and provides a robust framework for addressing complex, nonlinear soil behaviors,
offering enhanced accuracy and flexibility compared to traditional finite element methods, especially in simulations involving large
deformations and irregular geometries. Pathania et al. (Pathania & Rastogi, 2017) (2017) introduced a novel hydraulic model that
uses the meshless EFG technique and the Moving Least Squares (MLS) methodology for simulating groundwater flow in unconfined
aquifers, highlighting the advantages of meshless techniques over traditional mesh-dependent methods. This method was validated
through simulations in the Blue Lake aquifer, Northern California, and its performance was compared with the MODFLOW soft-
ware.

EFG is a relatively new type of numerical method that has achieved remarkable success in various hydrological (Park & Leap,
2000; Tey et al., 2020) and geomechanical (Mohammadi, 2006; Varshney et al., 2020) problems. Due to EFG's mesh-free nature, it
can offer higher accuracy and convergence by utilizing a higher order of interpolation functions and improves handling of domain
discontinuities. Despite the utilization of the EFG method in analyzing multiphase flow in deforming porous media (Samimi & Pak,
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2016) or in groundwater modeling studies (Pathania et al., 2019, 2020; Pathania & Rastogi, 2017), application of this technique for
coupled hydromechanical modeling in the context of land subsidence in aquifers remains unexplored. This study applies the EFG
method to coupled hydromechanical modeling, specifically focusing on land subsidence phenomena and considering unsaturated
effects in aquifers. In the subsequent sections, we first provide a brief review of the governing equations for the movement of two
immiscible fluids through deforming porous media, followed by discussing the numerical discretization of the model. Subsequently,
we use the EFG software to simulate various verification examples. This is then extended to modeling a land subsidence problem,
where a parametric analysis is conducted to better understand the effects of various parameters on land subsidence. The proposed
numerical model leverages the EFG method to simulate land subsidence and the decrease in hydraulic head, thereby providing a
comprehensive understanding of land subsidence due to groundwater extraction.

2. Methodology and Formulation
2.1. Governing Equations for Hydromechanical Modeling of Multiphase Porous Media

A set of equations governing the hydromechanical behavior of a deformable multiphase porous medium includes 1) the linear
momentum balance equation for the formation (Equation 1), 2) the linear momentum balance equation (the generalized Darcy's
Law) for fluid phases (Equation 2), and 3) the mass balance equation for each fluid phase (Equations 3-4). The integration of mass
conservation in the solid phase with that of each fluid phase results in the ultimate form of the continuity equations governing the
flow of pore fluids. Assuming constant temperature, full fluid occupancy in the solid skeleton's voids, and minimal interphase mass
transfer, the equations for a porous medium with two viscous fluids are stated as follows (Samimi & Pak, 2014, 2016; Thomas,
2000):
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Equations 1-4 contain various parameters that represent fluid flow characteristics through a porous medium. These parameters
include the o;; tensor of total stress (See Appendix A for generalized Hook's Law), p = (1 —n)ps + n(Sypw + SpwpPnw) average
density of the medium, n porosity, ps solid phase density, p, densities of the wetting and non-wetting fluid phases (& = w, nw),
u; solid phase velocity, S, fluid phase saturations, w, dynamic viscosity, B, , p, pressure and densities of the flow phases, k,,
the relative permeability coefficient of the fluid phase, k;; intrinsic permeability tensor (See Appendix B for generalized Darcy's
Law), g; gravitational acceleration vector, a Biot's constant, P, = B,,, — B,, capillary pressure, t time, and Kj, K, the bulk mod-
ulus of the solid phase and fluid phase, respectively. For a hydromechanical study of multiphase systems, the above nonlinear
equations need to be supplemented with auxiliary functions, such as saturation degree as a function of capillary pressure, permea-
bility coefficient as a function of saturation degree of wetting and non-wetting phases, and constitutive law of the solid phase
(Samimi & Pak, 2016).

To model unsaturated porous media, we considered van Genuchten (van Genuchten, 1980), Brooks-Corey (Brooks & Corey,
1964), and Huyakorn et al. (P.S. HUYAKORN, 2007) equations for the numerical modeling. In Table 1, a, 8, and y are van
Genuchten's parameters, p, is the air-entry pressure for the Brooks-Corey model. and n is the Huyakorn et al.'s parameter.

Table 1 Saturation and permeability equations for unsaturated media

Reference Normalized saturation ratio Relative permeability coefficients
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2.2. Initial and boundary conditions

By considering the soil skeleton displacement (u;) and fluid pressures (B,,, B,,) the main variables or problem unknowns,
necessary initial and boundary conditions for solving the governing equation system can be expressed as follows (Samimi & Pak,

2012, 2016):
e Initial conditions are:
w=ul,and p, =p2 (m =w,nw) att = 0on Q (5)

Dirichlet boundary conditions are:
P, =F, on Tp

6
u,=u; on Iy ©)
e Neumann boundary conditions are:
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where Q denotes the problem domain, encompassing boundary I', n; denotes the unit outward vector normal to the boundary,
and u;, t;, P,, and g, denote the specified values for displacement, traction, pore pressure, and flux, respectively, on various
segments of the boundary. The subsequent conditions govern these specifications:
Luly=r and L,NI;=¢
L, ul, =I' and I, NI, =¢ (8)

2.3. Numerical Discretization

This study utilizes the EFG meshless technique for discretization of the spatial domain. The EFG approach creates shape
functions through the Moving Least Squares (MLS) approximation, consisting of two parts: firstly, a non-zero weight function over
a limited zone surrounding a node, known as the node's influence domain, and secondly, a basis function, typically in the form of a
polynomial. To spatially discretize the governing partial differential equations, it is necessary to define their integral forms. This is
achieved by implementing the weighted residual method in conjunction with the Galerkin approach, alongside the use of the penalty
method to enforce the essential boundary conditions. EFG shape functions transform the variational formulation into a matrix rep-
resentation. These functions approximate fundamental variables, such as displacement and pore fluid pressures, at any given time
and location. The matrix representation of the governing nonlinear partial differential equations is presented as:

) . . d
(€11 + CGHU = C13P,, — Cy3Pyy, = a(Fu + EY)
CZlu + CZZPW + CZ3PTIW + (KZZ + ng)Pw = (pr + Fp(f,v) (9)
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where superscript () demonstrates the temporal derivative. Each term in Equation 9 is either a matrix or a vector, assembled from
the nodal matrices or vectors, and is detailed in Appendix C. Comprehensive derivation of Equation 9 is beyond the scope of this
article, and it is thoroughly provided in Samimi and Pak (Samimi & Pak, 2016). The derived system of equations (Equation 9) is
discretized in the time domain, adopting a fully implicit approach with the finite difference method (Samimi & Pak, 2014, 2016).
The final system of discrete equations for the fully coupled hydromechanical analysis of three-phase porous media consisting of
solid grains and two pore fluids is presented in Equation 10:
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By solving this system of equations simultaneously, the unknown variables of displacement vector and pore fluid pressures
(wetting and non-wetting) will be calculated. Since the elements of the coefficient matrices in this algebraic equation system are
dependent on the main unknowns, an iterative process should be utilized to linearize the problem and obtain the final solution within
each time step. A fixed-point type (Thomas, 2000) solution scheme is used in this study to solve the system of Equation 10.

3. EFG Software Verification for Three-phase Hydromechanical Modeling

In this section, we evaluate the performance of the developed EFG software for two-phase fluid flow through nondeformable
(Samimi & Pak, 2014) and deformable porous media (Samimi & Pak, 2016). First, we solve an infiltration problem for which the
semi-analytical solution is available. Then, we solve a consolidation problem for an unsaturated soil column and verify the results
with the Finite Element Method (FEM) results reported by two previous studies (Khoei & Mohammadnejad, 2011; Rahman &
Lewis, 1999). For numerical simulation of the examples, it's important to choose suitable numerical parameters that stem from the
EFG method applied to the governing equations of two-phase fluid flow through deformable soil medium. This is necessary to
maintain the precision of the computational results. In this research, we've adopted the recommendations of Oliaei et al. (Oliaei et
al., 2009), with certain adjustments, as discussed in Samimi and Pak (Samimi & Pak, 2014, 2016), as the foundational criteria for
selecting the EFG parameters.

3.1. Test case 1: Pressure-driven infiltration

To evaluate the EFG model's effectiveness in solving simultaneous two-phase fluid flow in rigid porous media, we model
infiltration caused by pressure with the passive air phase assumption for which a semi-analytical solution has been presented by
Philip (Philip, 1956). Several authors have utilized this problem to validate their FEM models (Callari & Abati, 2009; Celia &
Binning, 1992; Lehmann & Ackerer, 1998). In this example, water flows from a 30-cm height soil column of rigid material with an
initial saturation level of 0.298, corresponding to an initial —100 kPa pore water pressure and O air pressure at all nodes. The geometry
of this problem is illustrated in Figure 1. The lateral boundaries are impermeable, and both the top and bottom boundaries are
permeable with constant pressure of -7.5 kPa and -100 kPa, respectively. Furthermore, the problem considers gravitational acceler-

ation, set as 9.81 (m/sz). The van Genuchten (van Genuchten, 1980) equation is employed to determine suction and relative per-
meability coefficient. Table 2 includes the model's parameters and the soil's characteristics.

174
175
176
177

178

179
180
181
182
183
184
185
186
187
188

189

190
191
192
193
194
195
196

197

198
199



Initial pore water pressure
in soil column:

pw=-100 kPa
Z
4 _y
P X

Pore water pressure at the top
boundary:
pw=-7.5kPa

Flow and displacement at side
boundaries:
Gw=qw=0

Pore water pressure and displacement
at the bottom boundary:
pw = - 100 kPa

0.5x0.5%30 cm3
Fig 1 Geometry and initial conditions for test case 1

Table 2 Material properties in test case 1

Properties Symbol  Value Unit
Porosity n 0.368 -
Wetting fluid density Pw 1000 %
Non-wetting fluid density Prw 1.22 %
Bulk modulus of solid particles K, 1.4 x 10° Pa
Bulk modulus of the wetting fluid K, 4.3 x 1012 Pa
Bulk modulus of the non-wetting fluid Koy 1075 Pa
Dynamic viscosity of the wetting fluid U 1073 Pa.s
Dynamic viscosity of the non-wetting fluid Unw 1073 Pa.s
Residual saturation Sw, 0.3966 -

Air entry pressure Py 2.25 x 10° Pa
Pore size distribution index A 3 -

The spatial discretization of the problem utilizes 244 nodes, featuring a uniform node spacing of 5 millimeters. This includes 61
nodes in the z-direction and 2 nodes each in the x and y-directions. The temporal discretization begins with initial time intervals of
1 second, followed by intervals of 100 seconds. The water pressure profile and saturation degree simulated in different analysis
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periods are plotted in Figures 2 and 3, respectively. Results are compared with Philip's (Philip, 1956) semi-analytical solution and
the FEM model by Callari and Abati (Callari & Abati, 2009). The good agreement between these results indicates a satisfactory

performance of the two-phase flow EFG model.
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Fig 2 Pore water pressure variation along the soil column over time
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Fig 3. Saturation degree variation along the soil column
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EFG t=1000 s
EFG t=2160's
EFG t=10800 s
EFG t=21600 s
FEM t=1000 s
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- Analytical t=21600 s
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EFGt=2160 s
EFG t=10800 s
EFG t=21600 s
FEM t=1000 s
FEM t=2160 s
FEM t=10800 s
FEM t=21600 s

3.2. Test case 2: Consolidation of a partially saturated soil column due to evaporation

This example illustrates the behavior of unsaturated soil systems in response to environmental changes. Here, we consider a
vertical soil column (Figure 4), composed of linear elastic material measuring 100 cm in height. This column is subject to a surface
load of 1 kP at the top boundary. Initially, the soil column is not fully saturated, exhibiting a water saturation level of 0.52. Then,
the absolute pore water pressure suddenly decreases to -420 kPa at the top surface, consolidating the soil skeleton. The lateral and
bottom boundaries are impermeable, but the upper boundary is permeable. The absolute air pressure at the top surface is 0 kPa. The
lateral boundaries are allowed to deform only along the vertical direction, and the bottom boundary is restrained against all
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8

displacements. Considering the Brooks and Corey (Brooks & Corey, 1964) equations outlined in subsection 2.1 and based on Rah-
man and Lewis's study (Rahman & Lewis, 1999), the properties presented in Table 2 are utilized for the numerical modeling of this
example.

1 kPa surface load pressure

Pore water pressure at the top
boundary:
pw=-420 kPa

Initial pore water pressure
in soil column:
pw =-280 kPa

Flow and displacement at side
boundaries:

qw:qw:U
Ux=uy=1u,=0

Pore water pressure and displacement
y at the bottom boundary:
pw=-280 kPa

Ux=uy=1u;=0

5x5%x100 cm3

Fig 4 Geometry and initial conditions in test case 2

Table 3 Material properties in test case 2

Properties Symbol Value Unit
Porosity n 0.368 -
Young modulus E 6 x 106 Pa
Intrinsic permeability k 4.6 x 10712 m?
Poisson ratio v 0.4 -
. K
Rock density Ds 2000 29
m3
. . . K
Wetting fluid density Pw 1000 —‘Z
m
. . . Kg
Non-wetting fluid density DPnw 1.22 —
m

Bulk modulus of solid particles K, 1.4 x 10° Pa
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Bulk modulus of the wetting fluid

Bulk modulus of the non-wetting fluid

Viscosity of the wetting fluid

Viscosity of the non-wetting fluid

Residual saturation

Air entry pressure
Pore size distribution index

4.3 x 1012
107°

1073

1073
0.3966
2.25 x 10°
3

Pa
Pa
Pa.s

Pa.s

Pa

To model this problem, the spatial domain is uniformly discretized using 21 nodes along the z direction and 2 nodes along
both x and y dimensions, resulting in 84 nodes spaced 2.5 cm apart along three dimensions. An initial set of 1-second time steps is
adopted due to the higher rate of variation in pore pressure and displacement at the beginning of the simulation, followed by subse-
quent intervals of 102, 10® and 10* seconds time steps. The vertical displacement profiles and water saturation levels at four
different heights within the soil column are shown in Figures 5 and 6, respectively. We observe that soil consolidation lasts approx-
imately six days, after which the soil saturation level reaches the steady state. We compare the displacement and saturation degree
results from our EFG model with two previous FEM studies by Rahman and Lewis (Rahman & Lewis, 1999) and Khoei and Mo-
hammadnejad (Khoei & Mohammadnejad, 2011). Based on the results, although there are noticeable variations between the devel-
oped EFG and FEM approaches in terms of the spatial and temporal discretization methods, iterative scheme, and formulation used,
the EFG model's predictions are in strong agreement with those produced by the other two FEM numerical algorithms. This agree-
ment indicates that the model performance is satisfactory for hydromechanical modeling of two-phase flow problems in deformable

porous media.
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Fig 5 Soil settlement over time during consolidation
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Fig 6 Water saturation variation over time during consolidation

4. Application of the EFG method in land subsidence modeling
4.1. Characteristics of Isotropic and Anisotropic Aquifers

After verifying the EFG software for hydraulic and hydromechanical problems, we investigate land subsidence induced by
groundwater withdrawal, considering the unsaturated effects. Our model builds on the foundational work of Kim (Kim, 2005), who
used the hydromechanical COWADE 123D software based on finite element techniques. We consider an unsaturated anisotropic
soil aquifer, which has a thickness of 50 meters, is characterized by its layered or stratified composition, and is located beneath a
landfill site. To reduce the water table elevation below the landfill's base, a fully penetrating pumping well has been installed verti-
cally at the center of the site. The water level in the pumping well is then lowered suddenly to 20 m above the bottom of the aquifer,
and this water level is maintained thereafter by controlling the groundwater pumping rate. Following dimensional analysis, lateral
boundaries were established 200 meters from the pumping well. Due to lateral symmetry along the x and y axes and to reduce
computational cost, our model focused on one-fourth of the designated area. Figure 7 presents the schematic 3D layout of the model,
illustrating the specific arrangement of nodes used in the study. For spatial discretization, 2,646 nodes were employed, with a nodal
spacing of 10 meters in the x, y, and z directions. This specific number of nodes was determined through various experimental
iterations. We observed that if the nodal distance exceeded this threshold, the values at the nodes failed to converge. On the other
hand, increasing the number of nodes beyond this point would lead to an increase in computational cost. Figure 8 depicts the y-z
plane view of the model at x = 200 m, which illustrates the locations of DO (for subsidence) and HO (for hydraulic head) observation
points.

The water table is initially located 45 m above the bottom of the aquifer, making the top 5 meters of the aquifer unsaturated.
A negative hydrostatic pore water pressure for the top 0-5 meters and a positive hydrostatic pore water pressure for the deeper 5—
45 meters were considered. We assumed the air pressure within the aquifer's pores to be at atmospheric level, typically considered
zero. The aquifer lies above a layer of impenetrable rigid bedrock. We assumed that the top boundary of the aquifer is permeable.
For rainfall data, we used meteorological data from Seoul, South Korea (Kim, 2005), which indicated an annual rainfall of 1,539
millimeters. Additionally, we assumed the top boundary of the model to be free to move both vertically and horizontally. The
model's lateral boundaries are treated as impermeable, with no movement allowed in the direction perpendicular to their plane. The
pump is presumed to be within the casing, confining its movement along the x and y axes. Before starting groundwater pumping,
the aquifer is at hydrostatic equilibrium condition corresponding to the initial water table location at 45 meters from the bedrock.
Therefore, the initial hydraulic head (the summation of hydraulic pressure and elevation head) equals 45 m at all nodes. To account
for unsaturated conditions within the top 5 meters of the aquifer (above the initial water table), we use the saturation degree and
relative permeability coefficient relationships proposed by Huyakorn et al. (Hu et al., 2019). These relationships are outlined in
Table 1. To simulate water pumping, a constant hydraulic head of 20 meters is applied to the pump, spanning from 0 to 20 meters
in height.
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In this study, we model the aquifer by considering both isotropic and anisotropic conditions. The parameters and properties of
the aquifer are given in Table 4 (Kim, 2005). In an isotropic aquifer, the aquifer's parameters, such as hydraulic conductivity, elastic
modulus, and Poisson's ratio, are equal in the X, y, and z directions. However, for an anisotropic aquifer, these parameters differ
between the horizontal direction and the vertical direction. In the model, we assume soil material is elastic. The generalized formu-
lation of Hooke's Law for derivation of the global elastic modulus tensor, and global saturated hydraulic conductivity tensor is

presented in appendices A and B, respectively. The compressibility and specific weight of water are assumed 4.4 x 10° (mz/ N)

and 9.81 (kN /m3), respectively. Furthermore, the convergence criteria for pressure head and displacements are set equal to 10™*

for nonlinear iterations. The total time spanned approximately 10 years. This extended duration was deliberately selected to ensure
the aquifers reach an ultimate steady state in the numerical simulations.

Pumping well

200 200

Fig 7 Three-dimensional domain and the nodal arrangement pattern used for the aquifer (beneath the landfill)
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Fig 8 Observing points on the Y-Z plane of the model
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Table 4 Characteristics of isotropic and anisotropic aquifers

. ] Anisotropic .
Property Symbol Isotropic Aquifer . Unit
Aquifer
Porosity n 0.25 0.25 -
Elastic modulus

- Horizontal E, =E, 1.47 x 107 2.51 x 107 Pa

- Vertical E, 1.47 x 107 5.03 x 10° Pa
Elastic modulus of solid phase E, 1.47 x 10° 1.47 x 10° Pa
Shear modulus

- Horizontal x = Gy 5.88 x 10° 1.16 x 107 Pa

- Vertical G, 5.88 x 10° 4.19 x 10° Pa
Permeability

- Horizontal Ksat xx = Ksat yy 3.65 % 107° 6.42 % 107° ?

- Vertical Ksat 22 3.65 x 1075 1.25x 1075 ?
Poisson ratio

- Horizontal Vyy 0.25 0.085 -

- Vertical Vy =V, 0.25 0.427 -
Poisson ratio of solid phase Vg 0.25 0.25 -
Rock density Ps 2.65 x 103 2.65 x 103 %
Residual saturation Sw, 0.05 0.05 -
Air entry pressure head hq 0.0 0.0 m
a parameter for the HUYAKORN model  ag, 0.5 0.5 m™!
B parameter for the HUYAKORN model  SBgy 0.2 0.2 -

y parameter for the HUYAKORN model Vay 0.1 0.1 -
n parameter for the HUYAKORN model Ngy 0.2 0.2 -

4.2. Numerical Study Results

Figure 9 illustrates the time-dependent fluctuation of the hydraulic head for isotropic and anisotropic aquifers at the observation
point HO, located at coordinates (200, 100, 20) and 100 meters from the pumping well. We compare our EFG results with FEM

results reported by Kim (Kim, 2005) to compare numerical results for modeling land subsidence in this aquifer. In both isotropic
and anisotropic aquifers, a similar trend is evident when comparing the EFG and FEM techniques. For the anisotropic aquifer, a

smaller hydraulic head drop is observed for EFG at the beginning of pumping. EFG resulted in a 0.4 m hydraulic head decrease
after 1 hour of pumping. However, FEM resulted in a 1.5 m hydraulic head decrease, approximately 50% of the total hydraulic head

drop after about 2000 hours in the steady state. In comparing isotropic and anisotropic conditions, the anisotropic aquifer exhibits a

more significant hydraulic head drop, attributable to its higher horizontal hydraulic conductivity and overall higher average hori-
zontal and vertical hydraulic conductivities relative to the isotropic aquifer. However, EFG and FEM results for both isotropic and
anisotropic aquifers converge markedly in steady state condition.
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Fig 9 Hydraulic head decrease at point HO over time in the isotropic and anisotropic aquifers

The land subsidence results at observation point DO, located at coordinates (200,100,50), demonstrate a high level of agree-
ment for an isotropic aquifer when comparing the EFG and FEM results, as shown in Figure 10. A land subsidence of approximately
4 cm is observed for both EFG and FEM. However, for the anisotropic aquifer, although EFG and FEM models show a similar trend
in land subsidence, there is a shift in early pumping hours. FEM results in a 9 cm of land subsidence after 1 hour of pumping, while
the results are 1 cm for EFG models. Similar to the hydraulic head results, the FEM model shows that approximately 50% of land
subsidence relative to the total land subsidence in steady state occurs in the first hour of water pumping. This contrasts with the
isotropic model, where changes in vertical displacement start after 6 hours of water pumping. EFG results indicate that vertical
displacement in the anisotropic model starts after roughly 4 hours of pumping, which aligns more closely with the isotropic model
compared to the FEM model. This discrepancy underscores the need for further investigation, which should include verification of
models from other sites with field data, to enhance our understanding. The ultimate steady-state land subsidence results for both
models converge, and they are greater than the isotropic aquifer's vertical displacement as the vertical elastic modulus for the ani-
sotropic aquifer is smaller than the isotropic aquifer.
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Fig 10 Land subsidence at point DO over time in the isotropic and anisotropic aquifers 330
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Figure 11 illustrates water level variations for the isotropic aquifer, observed at various distances from the pumping well and 332

over different time intervals (1, 10, 100, 1000, and 10,000 hours) following the start of pumping. As expected, the water level 333
exhibits a gradual decline over time. Notably, after 100 hours, the water level reaches a depth of 20 meters at the pumping location 334
(0 m). Upon reaching a steady-state flow after 1000 hours, the water level stabilizes and shows no further change. 335
336

337
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Fig 11 Water level drops relative to the impermeable bedrock at various distances from the pumping well and over various time 340
periods 341
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To study the effects of various aquifer parameters such as hydraulic conductivity (due to material's permeability variation),
elastic modulus, and Poisson's ratio on hydraulic head variation and land subsidence, we conduct parametric analyses considering
isotropic conditions.

5.1. Hydraulic Conductivity

We investigate four different permeability values to assess how the aquifer's hydraulic conductivity affects land subsidence
and variations in the hydraulic head. We assume that the viscosity and the specific weight of water do not change, so the change in
hydraulic conductivity is only due to a change in the material's pore space. Figure 12 depicts hydraulic head variation in time at
observation point HO for different hydraulic conductivity values. The influence of the aquifer's permeability on the system is more
significant until a steady state is reached. Permeability has a minimal impact on the ultimate hydraulic head values in steady state,
especially when the hydraulic conductivity is equal to or greater than a certain value, as in this case for values equal to or greater
than 1K.

46 ——~A—— Hydraulic Conductivity = 0.5K

——f=—— Hydraulic Conductivity = 1K

45.5 Hydraulic Conductivity = 2K
i Hydraulic Conductivity = 4K
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Fig 12. Hydraulic head variation over time for different hydraulic conductivity values (11( =3.65x107° ?)

Figure 13 illustrates land subsidence over time for different hydraulic conductivity values at the observation point DO. We
observe that changes in aquifer permeability do not significantly impact the ultimate subsidence values. Instead, higher hydraulic
conductivity in the aquifer leads to subsidence within a shorter timeframe. Thus, similar to hydraulic conductivity, the effect of
permeability is primarily seen during the timeframe in which subsidence occurs. Permeability minimally impacts the ultimate land
subsidence values in steady state condition, especially when the hydraulic conductivity is equal to or greater than a certain value, as
in this case for values equal to or greater than 1K. It can be concluded that this parameter does not substantially influence the
ultimate depth of subsidence.
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Fig 13 Land subsidence over time for different hydraulic conductivity values (11{ =3.65x107° ?)

5.2. Elastic Modulus

The study was repeated with changing elastic modulus values to examine their influence on the extent of land subsidence and
the hydraulic head variations within the aquifer. Figure 14 demonstrates the effect of the aquifer's elastic modulus on the hydraulic
head reduction at monitoring point HO. We observe that the aquifer's elastic modulus represents minimal impact on the downward
trend of the hydraulic head. Under steady-state conditions, the hydraulic head remains consistent for different elastic modulus levels.
Therefore, it can be concluded that the aquifer's elastic modulus has a negligible effect on the ultimate hydraulic head decrease.
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Fig 14 Hydraulic head variation over time for different elastic modulus values (1E = 14.7 GPa)

Figure 15 shows the effect of the aquifer's elastic modulus on the land subsidence at observation point DO. We note that the
elastic modulus parameter significantly influences the ultimate land subsidence. A substantial increase in land subsidence occurs
when the aquifer's elastic modulus is halved (0.5E). As elastic modulus doubles (2E) and quadruples (4E), the rate of decrease in
the ultimate subsidence non-linearly decreases compared with 0.5E to E variation. In contrast to ultimate subsidence values, the
time that renders steady state condition does not change for different elastic moduli. Based on the parametric study, obtaining precise
elastic modulus measurements through meticulous field assessments or laboratory tests is crucial for land subsidence studies.
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Fig 15 Land subsidence over time for different elastic modulus values (1E = 14.7 GPa)

5.3. Poisson's Ratio

The impact of the aquifer's Poisson's ratio on hydraulic head change in time at observation point HO is shown in Figure 16.
As we see, Poisson's ratio has a minimal effect on the hydraulic head trend and its ultimate value. This observation aligns with the
fact that Poisson's ratio primarily influences the stress-strain relationship rather than directly affecting hydraulic properties, as illus-
trated by the governing equations discussed in subsection 2.1.
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Fig 16 Hydraulic head variation over time for different Poisson's ratios

As shown in Figure 17, land subsidence at observation point DO decreases with the increasing Poisson's ratio. This observation
is consistent with the correlation between bulk modulus and Poisson's ratio, K = Based on the inverse correlation between

E
3(1-2v)’
compressibility and bulk modulus, it can be inferred that when Poisson's ratio increased to the limiting value of 0.5, the compressi-
bility of the model decreased. Therefore, as the ultimate land subsidence increases as Poisson's ratio decreases, it could be beneficial
to measure Poisson's ratio with field evaluations or lab experiments for more informed research on land subsidence.
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Fig 17 Land subsidence over time for different Poisson ratios

6. Conclusions

A series of hydraulic and coupled hydromechanical models were presented to validate the developed EFG code for flow and
deformation analysis. The EFG model was validated first using a multiphase flow hydraulic benchmark problem and then, with an
unsaturated hydromechanical consolidation benchmark problem. Analyzing the results obtained from the EFG model alongside
theoretical results and outcomes from other computational algorithms highlights two essential aspects: 1) the EFG model is appro-
priately developed and formulated, and 2) it can provide precise and reliable solutions for soil deformation and fluid flow issues in
evolving three-phase porous materials.

Upon establishing the validity of our EFG code, we proceeded to construct a model of an aquifer to: 1) investigate the process
of three-dimensional groundwater flow and land deformation due to groundwater extraction from unsaturated geologic media, 2)
evaluate the effects of true anisotropy on such a hydromechanical phenomenon, and 3) understand the effect of various characteris-
tics of aquifers. The material properties for the true anisotropic and isotropic aquifers, essential for conducting numerical simula-
tions, were obtained from existing literature. Results derived from numerical simulations underscore the significance of true anisot-
ropy, which is influential in the context of the groundwater flow dynamic and the deformation of the solid skeletal structure.

The results of both isotropic and anisotropic scenarios highlight a nonlinear correlation between groundwater pumping and
the subsequent decrease in hydraulic head and land subsidence augmentation in the unsaturated media. To ascertain the reliability
of the modeling, we compared EFG results with FEM land subsidence and hydraulic head results. In the case of isotropic aquifers,
the results from the EFG model on land subsidence and variations in hydraulic head exhibit a decent agreement in both trend and
final values when compared with FEM outcomes. In the anisotropic aquifer scenario, EFG and FEM models display similar trends
in land subsidence and reduction in the hydraulic head, and final land subsidence and hydraulic head values are closely aligned.
However, a divergence is observed between EFG and FEM results during the initial hours of pumping. The FEM model demon-
strates that nearly half of the total steady-state land subsidence occurs within the first hour of water extraction, a contrast to the
isotropic model where vertical displacement alterations commence post a 6-hour pumping duration. In comparison, the EFG model
suggests the onset of land subsidence in the anisotropic model after approximately 4 hours of pumping, showing greater agreement
with the isotropic model than the FEM model. Nonetheless, while the FEM model indicates a consistent subsidence trend for both
isotropic and anisotropic aquifers, the EFG model displays a variation. This disparity accentuates the necessity for further research,
including the validation of EFG and FEM models with field data to verify the results in the early stages of pumping.

The parametric study indicates that the elastic modulus and Poisson's ratio exert the most pronounced influence on the extent
of land subsidence. While hydraulic conductivity predominantly governs the rate of hydraulic decrease and the onset of land sub-
sidence, its influence on the final values of hydraulic head and land subsidence at the steady-state condition is comparatively mar-
ginal. These observations underscore the importance of obtaining accurate in-situ measurements of the elastic modulus and Poisson's
ratio for groundwater extraction initiatives, as these parameters are essential for ensuring the accuracy and reliability of feasibility
studies in such projects.
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Appendix A
Within the local coordinates (x',y’,z"), along which the principal axes of an anisotropic (orthotropic) geological medium are

aligned, the generalized Hooke's law can be represented in vector form as described by (Kim, 2005; Love, 1944)
reL

o =Dle (A1)

e

T . . .
where 6’ = {6511 0'51,1 0511 051 05 0"}, Tepresents the local incremental effective stress vector, D* is the local

. T. . . .
elastic modulus tensor, and &b = {e,/,s Eylyl E41 g1 Exlyl €15 g,7,+} isthe local strain vector. The local elastic modulus tensor D* is

Xy y z
then defined using % = %for i,j =x',y',z"as follows:
i j
[Diy Di; Diz 0 0 0]
Dt DI, D 0 0 0
DL = Dt DI, D 0 0 0
“lo o o Dy 0 O (A2)
0 0 0 0 Dk 0
0 0 0 0 0 DI
and
1 U;VZ’ L)-1
bu=\gg ~ & )Ic" (A3)
y z y
Df, =D} = ( ey, vx,z,vy,z,> |cH~
12 — Y21 —
E,E;  E.E, (A4)
DL _ DL _ ( Ux'y' +‘l7x'y'17y’z’> |CL|—1
13 — ¥31 —
EZ/E,  E/E, (A5)
DL, = ! _i |CE|~2
2" \E_E, FE% (A6)
X
DL _ DL _ vx'y'vxyzl vy,Z, CL -1
b =0h = (2 0 (A7)
x y
DL ( 1 U;ryr> |CL|—1
33 = T, 2 (A8)
E/E, E2
DL =G .
44 xy (A9)
L _
Dk =G, (A10)
L _
Dge =G, (A11)
1 vZ v2 vi& ., 2u v v
|CL|= _ zxy _ 2yz _ sz _ xyzxz yz (Alz)
E EyE; EZE, EXE; ELE, EXE,

where |C*| is the determinant of the local elastic compliance tensor C};,, = C* = D™, E; is elastic modulus in the i direction,
v;; is Poisson's ratio for normal strain in the j direction due to effective normal stress in the i direction, G;; is the shear modulus in
the ij plane, only nine terms are required. In a cross-anisotropic (transversely isotropic) geological medium concerning the local

I

. E i .
z axis, vx,y, * yy,z, = yx,Z,’Ex, = Ey, * EZ,,Gx,y, * Gy’z’ = Gz’x’ , and Gx/y/ = 2(17);,311) thus Only five terms are

458
459
460

461

462

463

464

465
466
467

468



23

necessary. In an isotropic geological medium, v = v, = v

xy y z'x"

I, = 'lezl,E = Ex! = Ey' = Ezr,G = ery/ = Gy’z’ = G 10 and

_ E
T 201+v)’

hence, only two terms are needed. The generalized Hooke's law for the anisotropic (orthotropic) geological medium in

global coordinates (x,y, z), represented by equation (2b), can also be expressed in vector form using engineering notations, accord-
ing to (Love, 1944):

0'® = D¢ (Al3)
where o'¢ = {0'5,0'5,0'5,0'%,0"5,0"%,}" represents the global incremental effective stress vector, D is the global elastic modulus
(stiffness) tensor, and € = {&,,&yy 5,62y €y2E22}" IS the global strain vector. The definition of the global elastic modulus tensor D

is as follows:

D =
[Dyy Dy D4z Dyy Dys Dyl (A14)

In Equation B14, D, = D,, for a,b = 1,2,3,4,5,6 , a total of 21 terms needs to be computed. The calculation of the global elastic
modulus tensor D can be derived from the local elastic modulus tensor D using a coordinate transformation matrix B as outlined
by (Clebsch, 1994):

— TnL
D =B"D"B (A15)
and,
12 m?2 n? IL.m_ m_n. ol
X X X X X X X X X
2 2 2
1“ m- n- Il m - m.m_: nl
y y y 'y Yy vy
lz/ 21 nzl l’m’ m n: nlll
B = z z z z 'z z 'z z 'z

Al6
ZZx'lf 2Zmom_ 2n.onm . Ilm +l m mmnmn . +mn: n .l +n.l. ( )
y xy xy  xy y x x 'y y x x 'y y X

20/l 2m.om_ 2n.omn ILm +lm, mnm - +mn. nd.+n .
y 'z y 'z y'z yz z 'y y 'z zy y 'z z"y

2Ll 2mom_ 2nm_ Im_ +lm  mm +mm . n .l +n_l ]
zZ X z X zZ X VA X X VA z X X Z zZ X X Z
The determination of the 36 terms within the coordinate transformation matrix B can be achieved by utilizing the nine terms from

the coordinate transformation matrix A4,
lxl m x! n x!
A= lyr myf lel (A17)
L,y my nyr

The nine elements within the coordinate transformation matrix A correspond to the directional cosines between the local co-
ordinates (x’,y’,z") and the global coordinates (x,y, z). In this context, [, m, and n represent x, y, and z , respectively.

Appendix B

The generalized Darcy's law can be indicated in a vector form in the local coordinates (x',y’, z") which are aligned with the
principal axes (i.e., principal directions) of an anisotropic (orthotropic) geologic medium (Kim, 2005):
qt = —K. KL, - V5 (B1)
where gt = {qrx’lqry',qrzl}is the local Darcy flux, KL, is the saturated hydraulic conductivity tensor, and V=

T
{a@a 09 5 09 ﬁ} is the hydraulic gradient. Besides, the local saturated hydraulic conductivity tensor KX, defined as:

Kt x'x' 0 0
Ko = 0 Ksatyry 0 (B2)
0 0 Ksat 22

In the anisotropic geological medium K,y # Kqe y1yr # Ksqe 7,0, @nd therefore, only three terms should be given. Ina
0 =K o = K

cross-anisotropic (transversely isotropic) geological medium with respect to the local z" axis, Kq; o/ saty'y satz'z"
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and thus, only two terms are needed. In an isotropic geological medium, Ko = Kqe /2’ = Ksqry'y' = Ksqe 27,7, @nd only one
term is required. The generalized Darcy's law for the anisotropic geological medium in global coordinates(x, y, z), represented by
equation (1), can also be expressed as a vector as follows:
qr = —KyKgqr * Vg (B3)
T T . .
where g, = {qrx Qry qrz} represents the global Darcy flux, Vo= {a(z)a 6@5 a9 5} is the global hydraulic gradient, and

K., is the tensor for global saturated hydraulic conductivity:

Ksat XX Ksat xy Ksat Xz
Ksat = Ksat yx Ksat yy Ksat vz (B4)

KSlIt zXx KSlIt zy Ksat zZZ

where Kgqeij = Ksqe ji for i,j = x,y,z, six terms need to be computed. The calculation of the global saturated hydraulic

conductivity tensor K, can be derived from the local saturated hydraulic conductivity tensor KL, through a coordinate transfor-
mation matrix A as outlined in (Clebsch, 1994):
Kgor = AT KsatA (B5)
The nine elements within the coordinate transformation matrix A correspond to the directional cosines between the local coordi-
nates and the global coordinates as detailed in Appendix A (refer to equation (A17)).

Appendix C

The nodal matrices and vectors in Equations 9 and 10 are defined as (Samimi & Pak, 2016):

C11 1j = J‘ BTDTB]dQ
Q

(C)
g, = f ¢Ta, ¢,dr
ulj r, I Y%pu¥] (C2)
ds
C :J- BTam<sW+—W C) o
121 = ) I apcp i (C3)
ds,
C :J-BTam 1-s,) ——p. |¢p,d0
131J R 1 (( ) apcp>¢] (Ca)
Fur= | oTpgda+ [ gfear
Q Te (C5)
F% = @1 ay,udl
Ty (C6)
C =f as,m’B;dQ
211J Q¢I w Ji )
c f¢[ +aSW ) OSw | SW]¢dQ
= s — .| —n—+n—
22l Tk, .7 " "ope T M) ¥ (C8)
a—n ds ds
C :f [sw—(l—sw——w C) W] daq
2y = | Pr|Sw T . " op.| ¥ (C9)
kk
Koppr = f BI, —B, ,dQ
221) R T (C10)
Kpaw J= ¢I appw ¢]dr
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+ ke, .
pr 1 = B pwgdQ - ¢,qwdl
0 P - (C12)
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oy, (C13)
C =j ¢;a(1 — s, )m"B,dQ
311] R I w J (C14)
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