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Abstract: This study verifies the practicality of using finite element analysis for strain and deformation
analysis in regions with sparse GNSS stations. A digital 3D terrain model is constructed using DEM
data, and regional rock mass properties are integrated to simulate geological structures, resulting
in the development of a 3D geological finite element model (FEM) using the ANSYS Workbench
module. Gravity load and thermal constraints are applied to derive directional strain and deformation
solutions, and the model results are compared to actual strain and tilt measurements from the Jiujiang
Seismic Station (JSS). The results show that temperature variations significantly affect strain and
deformation, particularly due to the elevation difference between the mountain base and summit.
Higher temperatures increase thermal strain, causing tensile effects, while lower temperatures reduce
thermal strain, leading to compressive effects. Strain and deformation patterns are strongly influenced
by geological structures, gravity, and topography, with valleys experiencing tensile strain and ridges
undergoing compression. The deformation trend indicates a southwestward movement across
the study area. A comparison of FEM results with ten years of strain and tiltmeter data from JSS
reveals a strong correlation between the model predictions and actual measurements, with correlation
coefficients of 0.6 and 0.75 for strain in the NS and EW directions, and 0.8 and 0.9 for deformation
in the NS and EW directions, respectively. These findings confirm that the 3D geological FEM is
applicable for regional strain and deformation analysis, providing a feasible alternative in areas with
limited GNSS monitoring. This method provides valuable insights into crustal deformation in regions
with sparse strain and deformation measurement data.

Keywords: finite element analysis; three-dimensional geological modeling; strain; deformation;
tilt; feasibility

1. Introduction

Strain and deformation hold significant importance in geoscience and engineering,
particularly in crustal dynamics, geological hazard monitoring, and infrastructure protec-
tion [1,2]. Understanding strain and deformation not only reveal the dynamic processes
within the Earth’s crust but also provide scientific foundations for early warning of natural
disasters, thereby helping to mitigate potential risks [3–5]. The Global Navigation Satellite
System (GNSS) has become a crucial tool for monitoring crustal deformation [6,7]. By
precisely measuring the spatial positional changes of surface points, GNSS technology can
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provide high-precision data on crustal deformation, making it widely applicable in the field
of strain and deformation monitoring [8,9]. However, the distribution of GNSS monitoring
stations is uneven. This is especially true in regions with complex geographical conditions
or relatively underdeveloped economies, where the sparsity of GNSS stations results in
inadequate spatial resolution of the monitoring data, thereby limiting the effectiveness of
strain and deformation monitoring. Therefore, in areas where GNSS data is very limited
and sparsely distributed, finite element numerical simulation technology is introduced to
estimate regional strain and deformation [10–13].

Finite element numerical simulation technology is playing an increasingly impor-
tant role in the study of regional stress, strain, and seismic activity [14]. For example,
a two-dimensional (2D) vertical plane strain finite element model (FEM) has been used
to simulate the deformation of the Tianshan orogenic belt as well as changes in the dis-
placement and stress fields of the fault system [10]. The finite element method, combined
with an elastic 2D plane stress model, has been used to simulate the current and Miocene
maximum horizontal compressive stress direction and magnitude of the Indo-Australian
plate [11]. In the Indian subcontinent, where in-situ stress measurements are limited, FEM
has been applied to simulate the direction and magnitude of stress, providing constraints
on the intraplate stress field in that region [12]. In the Zagros–Iranian Plateau region, finite
element numerical simulation has been used to study tectonic stress and deformation,
with the results contributing to seismic hazard assessments [13]. FEM has also been used
to reconstruct and simulate the stress within blocks surrounding tilted fractures in fault
damage zones [15]. Dynamic finite element analysis has been applied to simulate normal
fault earthquakes, assessing uncertainties related to empirical relationships for estimating
earthquake magnitude [16]. By establishing a 2D FEM of the Lushan earthquake and its
surrounding area, researchers explored factors such as eastward extrusion from the Tibetan
Plateau, regional topography, and the rupture characteristics of the Lushan earthquake [17].
There are also studies that perform stress analysis on a standard three-dimensional (3D)
finite element topographic model for East Azerbaijan Province, Iran [18]. Based on the latest
crustal structure data, a 3D FEM was established for the Anninghe–Zemuhe–Xiaojiang
fault zone to analyze the tectonic and Coulomb stresses caused by fault rupture and their
relationship with historical major earthquakes [19]. These case studies demonstrate that in
regions where in situ stress and GNSS data are very limited and sparsely distributed, finite
element numerical simulation has become an alternative method for analyzing regional
stress, strain, and deformation.

As a case example, in Jiangxi Province, China, the GNSS physical deformation moni-
toring network consists of five GNSS stations (Figure 1a), leading to inadequate coverage
of terrain deformation monitoring. To address this challenge, fixed-point deformation mon-
itoring stations have been established at seismic stations to facilitate short-term regional
seismic activity tracking and analysis (Figure 1a). Among them, the Jiujiang seismic station
(JSS) (Figure 1b), situated at the highest elevation in Jiangxi Province, began collecting
digital geophysical strain observation data in 2007 and has since gradually accumulated a
substantial dataset on terrain deformation. These data provide a valuable foundation for
further research and for addressing the gaps in deformation monitoring coverage. The JSS,
situated at the foothills on the northwest side of Lushan Mountain in Jiujiang City, is at an
elevation of 110 m (latitude 29.65◦N, longitude 116.01◦E). The surrounding topography is
characterized by a kidney-shaped mountain formation, representing a NE–SW-oriented
folded fault block mountain. Within the weather observation housing at the station, tem-
perature fluctuations are minimal, and the bedrock is composed of siliceous limestone. The
station is equipped with a range of terrain deformation observation instruments, including
vertical pendulum tiltmeters and extensometers, among other technologies. Over several
years, the station has collected an extensive dataset, consistently maintaining high-quality
observational data. In this contribution, and by using the JSS as a case study, the integration
of actual geological structure data facilitates the analysis of strain and deformation based
on 3D geological FEM.
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Figure 1. (a) The distribution map of geophysical observation stations in Jiangxi Province, China,
with red pentagrams representing seismic deformation stations and white squares representing
GNSS observation stations. (b) Topography of the Jiujiang seismic station (JSS), with red pentagrams
representing JSS. In (a,b), the colors represent elevation, with green indicating plains and brown
representing mountainous areas.

The 3D geological FEM is constructed using the finite element analysis software AN-
SYS (version 16.0, dated 22 October 2023). ANSYS enables the creation of high-precision 3D
geological models, improving the efficiency of complex geometric modeling and ensuring
the accuracy of finite element numerical analysis [20]. Previous studies have used ANSYS
to establish 3D geometric models of complex, large-scale hydropower arch dam-foundation
systems and performed mesh generation for these models [21]. Additionally, 3D FEMs
have been developed for the Moon, allowing the use of digital elevation models (DEM)
for any location of interest to simulate significant variations in lateral heat transfer caused
by topography [22]. By extracting the desired region from large DEM, a triangular irreg-
ular network can be constructed to capture the topographic surface, providing a realistic
representation of terrain features [23,24]. Although the best topographic surface models
are often provided through terrain entity interpretation [25] and machine learning algo-
rithms [26], using ANSYS to build 3D terrain flow grids from DEM, while accounting for
3D terrain effects enhances the model’s practical applicability [27]. In this study, DEM
data are utilized to construct a 3D geological FEM. ANSYS is subsequently employed to
simulate the regional geological structure of the JSS as a case study. Additionally, actual
strain and tilt data from the JSS are integrated to validate the effectiveness of strain and
deformation analysis based on 3D geological FEM.

2. Data

The data used in this study primarily include DEM data, regional rock mechanical
parameters, and extensometer and tiltmeter observations. The DEM data are sourced from
the GDEMV2 dataset available on the Geospatial Data Cloud website (www.gscloud.cn)

www.gscloud.cn
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(accessed on 1 June 2023). The selected geographical range of the DEM data is between
29.41◦N to 29.66◦N and 115.86◦E to 116.08◦E, which is used to create a 3D digital terrain
model for an area of 28 km north–south (NS) by 21.5 km east–west (EW) around the JSS. The
area near the JSS is divided into different lithological blocks based on rock distribution, cor-
responding to varying physical and mechanical parameters of the rocks. The regional rock
mechanical parameters (Table 1) are derived from the regional geological map produced by
the Jiangxi Provincial Bureau of Geology and Mineral Resources. The extensometer and
tiltmeter (Figure 2) observations are obtained from the deformation monitoring conducted
at the JSS by the Jiangxi Earthquake Agency, with the selected data covering the period
from 1 January 2011 to 31 December 2020.

Table 1. Mechanical parameters of rock.

Lithology Slate Limestone Granite Sand Soil

Bulk Density/(kg·m−3) 2750 2600 2650 2200
Compressive Strength/Mpa 150 100 200 10

Young’s Modulus/Gpa 50 78 80 3.6
Poisson’s Ratio 0.25 0.32 0.29 0.22

Thermal Expansion (10−6/◦C) 8.7 7.3 7.5 5
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Figure 2. The extensometers and tiltmeter at JSS observation borehole. The central box represents the
JSS observation borehole, with the observation principles of the extensometer on the right and the
vertical pendulum tiltmeter on the left.

In Figure 2, the extensometer works by connecting the fixed end (Point A) and the sup-
port end (Point B) to the measured structure. A sensor detects the displacement between the
two points. The sensor converts the mechanical displacement into an electrical signal, which
is amplified by a preamplifier and transmitted to the data acquisition system. A calibration
device ensures the accuracy of the measurements, while an electromagnetic mainframe
powers the system. The entire device uses wires and a baseline as reference points to
precisely measure the deformation of the structure under external forces, providing data for
studying the pattern of horizontal strain changes during earthquake preparation. This in-
strument measures the relative variation in horizontal distance between two points within
the crustal rock mass, from which the strain between the two points is calculated, defined
as [28]:

ε =
λ − λ′

λ
(1)
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where ε is the relative change in horizontal distance between two points in the crustal rock
mass, λ is the original distance between two points on the surface of the crust; λ′ is the
distance between the two points on the surface of the crust after deformation.

Additionally, according to the measurement principle of the vertical pendulum tilt-
meter in Figure 2, the pendulum is suspended from the top and hangs freely, remaining
perpendicular to the ground. When the ground tilts, the pendulum, due to gravity, stays
vertical, forming a tilt angle with the ground. By measuring the horizontal displacement
of the pendulum and the pendulum length, the tilt angle of the ground can be calculated,
allowing for monitoring of ground or structural inclination changes. Tiltmeters are funda-
mental instruments for studying solid tides and earthquakes, playing a crucial role in the
observation and research of crustal deformation [29,30]. This instrument measures the tilt
of the crust relative to the vertical (zenith) line, defined as:

ψ =
l
L

ρ (2)

where l is the displacement of the pendulum relative to its own body; L is the length of
the pendulum; ρ = 206,265 is the radian-to-arcseconds conversion coefficient; ψ is the tilt
degree of the crust relative to the vertical line.

3. Model and Methods
3.1. 3D Geological FEM

Using the aforementioned DEM data, rock distribution, and regional rock mechanical
parameters, a 3D geological FEM can be created around the JSS. The creation process is
shown in Figure 3. First, contour lines are extracted from the DEM data of the JSS region
and used to generate a 3D mesh in AutoCAD. This 3D mesh is then imported into Rhino
software (version 6.9, dated 22 October 2023) to create a digital 3D topographic model.
Geological rock characteristic parameters (Slate, Limestone, Granite, Sand Soil from the
regional geological map produced by the Jiangxi Provincial Bureau of Geology and Mineral
Resources) are then assigned to different regions, forming a comprehensive 3D geological
FEM with the finite element modeling software ANSYS Workbench (version 16.0, dated
22 October 2023). The 3D geological FEM takes into account both terrain features and
lithological characteristics, serving as the foundational model for finite element analysis of
strain and deformation.

When constructing a 3D geological FEM using the finite element modeling software
ANSYS Workbench, the following points need to be considered [31–35]:

1. Rock module division: In the Space Claim module, the 3D digital terrain model is
divided into several modules based on rock distribution characteristics, and different
lithological mechanical parameters are assigned to each (Table 1).

2. Finite element mesh division: The model is discretized to obtain relatively accurate
solutions using discrete mesh elements, balancing computational efficiency and ac-
curacy. If the mesh is too dense, it increases the computational load; if too sparse,
it reduces result resolution. The 3D digital topographic model, based on DEM data,
represents the terrain’s original size (28 km NS by 21.5 km EW). Considering both
computational load and accuracy, a grid size of 1 km is selected.

3. Contact relationships: When a geometry contains multiple components, the rela-
tionships between the components need to be defined, as the contact between them
affects the load transfer mechanisms. Workbench provides various types of contact
relationships, and it is necessary to determine the friction and cohesion coefficients
between different rock layers. As no slippage occurs between the layers, this study
uses bonded contact relationships to define the load transfer mode, ensuring precise
interaction between layers.

4. Boundary conditions: For solving the model, loads and constraints need to be applied,
primarily involving gravity loads and temperature constraints. Gravity is set using
the standard Earth’s gravitational constant of 9.8066 m/s2. The JSS region experiences
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significant temperature variations, with an average monthly temperature ranging
from 0 ◦C to 30 ◦C. Based on altitude affecting the temperature gradient, the model is
divided into four levels, with a 3 ◦C temperature difference between adjacent levels,
reflecting the approximately 9 ◦C temperature variation from the base to the summit
of Lushan Mountain.
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mesh generated using DEM data, the middle gray model is the 3D digital terrain model, and the
bottom colored model is the 3D geological FEM.

The 3D geological FEM constructed in this study is based on data-driven modeling,
utilizing field data characteristics to build a more accurate representation of the geological
conditions. The integration of high-resolution DEM data enhances the model’s topograph-
ical precision, while the inclusion of rock distribution and rock mechanical parameters
ensures a more reliable depiction of local geological features. During the modeling pro-
cess, precise mesh generation for the target area and the application of specific boundary
conditions are implemented to construct the geological entity, thereby improving the effec-
tiveness of finite element analysis. Since its introduction in 1993, 3D geological modeling
has evolved over the past three decades, with methodologies varying by region and disci-
pline [36]. Many current studies rely on 3D numerical models constructed from contour
lines [37,38], while others use lithological sample data to create solid 3D models [39,40].
More recent approaches are exploring artificial intelligence-based methods for 3D geologi-
cal modeling [41,42]. In this section, the DEM is integrated with geological data to provide
visual representations, utilizing one of the mainstream approaches in contemporary 3D
geological modeling.

3.2. Strain and Deformation Analysis

The process of strain and deformation analysis using the 3D geological FEM is illus-
trated in Figure 4. First, a digital 3D terrain model is constructed using DEM data. Then,
regional geological rock properties are added to establish a 3D geological FEM, simulating
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regional geological structures. Next, by applying gravity loads and temperature constraints
to the model, the directional strain and deformation solutions of the FEM are obtained. Fi-
nally, the calculated results of the FEM are compared to actual data from a regional seismic
station to verify the feasibility of strain and deformation analysis using 3D geological FEM.
This process will be demonstrated using the JSS of the Lushan Mountains (Figure 1) as
an example.
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Figure 4, the FEM is used to simulate regional strain and deformation under complex
conditions, including topography, lithological distribution, and temperature variations.
One-dimensional (1D) or 2D models are typically insufficient to fully capture the strain and
deformation characteristics of mountainous regions. Therefore, this study establishes a 3D
FEM to analyze the strain and deformation distribution. The 3D finite element equations
are employed to determine the strain state at specific points within the 3D elastic body in
vector form, with the six independent strain components expressed as follows [31,43]:

ε = {ε} =



εx
εx
εz
γxy
γyz
γzx


(3)

where x, y, z represent the three components of a 3D Cartesian coordinate system.
Additionally, in practical applications, the effect of thermal strain is one of the key

factors that needs to be carefully considered. Thermal strain is caused by temperature
changes, which do not yield shear strains. Therefore, the 3D thermal strain equation is as
follows [31]:

εT =



εx
εx
εz
γxy
γyz
γzx


=



α∆T
α∆T
α∆T

0
0
0


(4)

where α represents the coefficient of thermal expansion, ∆T represents the change
in temperature.
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Total strain is given by:
ε = εe + εT (5)

where εe is the elastic strain due to mechanical load (such as gravity or external forces).
Strain is derived from the displacement field using the strain–displacement relation-

ship. The displacement field can be characterized as:

d =


u(x, y, z)
υ(x, y, z)
ω(x, y, z)

 =



N
∑

i=1
Niui

N
∑

i=1
Niυi

N
∑

i=1
Niωi


(6)

where u, υ, ω represent the nodal displacement values of the element, and N denotes the
number of nodes on the element. The finite element formulations involve discretizing a
3D domain into smaller elements, allowing for the approximation of complex physical
behaviors by dividing the domain into manageable sub-regions and facilitating the analysis
of strain and deformation within each element.

The relationship between strain and displacement can be characterized as:

εx = ∂u
∂x , εy = ∂υ

∂y , εz =
∂ω
∂z ,

γxy = ∂υ
∂x + ∂u

∂y , γyz =
∂ω
∂y + ∂υ

∂z , γxz =
∂u
∂z + ∂ω

∂x
(7)

This can be simplified as:
ε = Bd (8)

where B represents the matrix between the nodal displacement vector d and the strain
vector ε.

To describe the relationship between displacement and stress, Young’s modulus E can
be introduced to construct the element’s stiffness matrix K, expressed as:

K =
∫
υ

BTEBdυ (9)

The system must satisfy the equilibrium equations, which are expressed as follows:

∂(Eεx)
∂x +

∂(Eγxy)
∂y +

∂(Eγyz)
∂z + fx = 0

∂(Eγyx)
∂x +

∂(Eεy)
∂y +

∂(Eγyz)
∂z + fy = 0

∂(Eγzx)
∂x +

∂(Eγzy)
∂y + ∂(Eεz)

∂z + fz = 0

(10)

where f =
[

fx fy fz
]

represents the nodal force vector.
In order to obtain the strain and displacement deformation solutions, the Equations (5),

(7), and (10) must be solved under the conditions set for the 3D geological FEM, which
include rock module division, finite element mesh division, contact relationships, and
boundary conditions. Since analytical solutions are often difficult to achieve, numerical
methods such as 3D finite element analysis are commonly applied. The strain and displace-
ment deformation obtained from solving Equations (3) to (10) under the 3D geological
model conditions are then compared with the strain measured by the extensometer in
Equation (1) and the deformation observed by the tiltmeter in Equation (2).
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4. Results
4.1. 3D Geological FEM Strain and Deformation

The temperature in the study area is significantly influenced by the terrain elevation,
with the mountain’s altitude reaching 1474 m and a temperature difference of approximately
9 ◦C between the base and the summit. Therefore, it is necessary to first analyze the thermal
strain due to temperature changes. The thermal strain analysis focuses primarily on the
impact of temperature at the base of the 3D geological FEM model on strain. Subsequently,
the strain and deformation solutions of the model under a specific bottom temperature
condition are further analyzed.

Figure 5 shows the results of the thermal strain analysis. In the finite element thermal
strain analysis, the base of the constructed 3D geological FEM model is set to four tempera-
ture conditions: 0 ◦C, 10 ◦C, 20 ◦C, and 30 ◦C, based on the monthly average temperature
variation range (0 ◦C to 30 ◦C) in the study area. Additionally, the coefficient of thermal
expansion is set as the thermal expansion parameter for different rock blocks in the region
(Table 1). This reflects the strain differences caused by annual temperature changes in the
region. Figure 5a–d respectively illustrate the thermal strain effects under the four tempera-
ture conditions set at the model’s base. As the temperature increases, thermal strain grows,
and the strain in the mountain also increases, placing it under tension. Conversely, as the
temperature decreases, thermal strain reduces and the strain in the mountain decreases,
putting it under compression. Since the temperature at the summit is lower than at the
base, the thermal strain at the summit remains consistently lower than at the base.
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Figure 6 shows the strain and deformation solutions of the 3D geological FEM under
the model’s base temperature condition of 30 ◦C.
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Figure 6. (a) North-South (NS) strain; (b) East-West (EW) strain; (c) NS deformation; (d) EW
deformation.

Figure 6a,b display the estimated strain solutions in the north-south (NS) and east-west
(EW) directions for the JSS region, respectively. The strain variation range in the study area
is from −3.75 × 10−4 to 3.44 × 10−4. Due to geological structures and temperature changes,
the strain solutions vary across different locations and elevations. The maximum strain
values in both NS and EW directions consistently occur at the mountain base, while the
minimum values appear at the mountain summit. Since positive strain typically indicates
tension and negative strain indicates compression, the stretching and compressing states
across the region can be observed. Valleys tend to exhibit tensile behavior, while ridges are
more prone to compression.

Figure 6c,d show the deformation solutions in the NS and EW directions, respectively.
The 3D geological FEM simulates deformation magnitudes in the range of −1.8 to 1.6 cm.
Influenced by factors such as gravity, temperature, topography, and geological structures,
the deformation in the NS and EW directions differs significantly. In Figure 6c, the NS
deformation solution is predominantly negative, indicating that the mountain exhibits a
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southward tilting deformation. In Figure 6d, the EW deformation solution reveals a NE-SW
extension, aligning with the general extension direction of the Lushan Mountain range. The
northwestern part primarily shows negative EW deformation, while the southeastern part
shows positive EW deformation, suggesting that the northwestern region tilts westward,
while the southeastern region tilts eastward. Since JSS is located in the northwestern (NE)
part of the study area, which experiences westward and southward deformation, it can be
inferred that JSS as a whole exhibits a southwestward (SW) deformation trend.

4.2. Comparing FEM and Measured Results

To further verify the feasibility of strain and deformation analysis using 3D geological
FEM, the thermal strain, directional strain, and deformation calculated from the afore-
mentioned model are compared with the strain and deformation data measured by the
extensometer and tiltmeter of the JSS over a ten-year period from 2011.0 to 2021.0. The
comparison of the 3D geological FEM regional strain with the measured strain at JSS is
presented in Figure 7. The comparison of the 3D geological FEM deformation with the
tiltmeter observations at JSS is presented in Figure 8.
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Figure 7. Comparison of the 3D geological FEM strain with the measured strain at JSS over a ten-year
period from 2011.0 to 2021.0. (a) FEM thermal strain and external temperature at JSS. (b) Comparison
of the NS directional regional FEM strain with the strain measured at JSS. (c) Comparison of the
EW directional regional FEM strain with the strain measured at JSS. (b,c) also show the relationship
between the strain and the internal temperature observed in the JSS observation tunnel.
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Figure 8. Comparison between the 3D geological FEM deformation model and tiltmeter observations.
(a) NS directional deformation, with arrows indicating the northward direction; (b) EW directional
deformation, with arrows indicating the eastward direction. The magnitude of deformation is
represented by the tilt angle.

In Figure 7a, the thermal strain corresponding to each month’s temperature is cal-
culated. Using external temperature measurements obtained from the JSS, a uniform
temperature processing method is applied to extract a single temperature value for each
month. The results show a strong relationship between temperature and strain, with a
correlation exceeding 98.7% between the measured external temperature and the thermal
strain predicted by the 3D geological FEM. The regional strain calculated by the 3D geolog-
ical FEM, the strain measured at JSS, and the internally measured temperature within the
observation cavity at JSS in both the NS and EW directions are presented in Figure 7b,c.
The FEM strain results represent the strain at each point within the regional model, leading
to the use of the regional FEM strain interval. The measured strain at JSS falls within this
interval of the FEM strain.

Additionally, the correlation coefficients between the internal temperature measured
at JSS and the measured strain in the NS (Figure 7b) and EW (Figure 7c) directions are 0.7
and 0.85, respectively. The inconsistency in heat conduction from the external surface of
the mountain to the observation cave leads to a 2–3 months phase difference between the
external and internal temperature variations observed by JSS. Therefore, by shifting the
FEM thermal strain time series backward by three months, the correlation between the
thermal strain and the measured strain is recalculated. The correlation coefficients between
the JSS measured strain and the FEM thermal strain, shifted by three months, are 0.6 in
the NS direction and 0.75 in the EW direction. The measured strain at JSS aligns with the
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range of FEM strain, and the strong correlation between the JSS measurements and the
FEM thermal strain indicates that the FEM strain accurately reflects the magnitude of the
measured strain within a certain range, demonstrating a close relationship between FEM
strain and the measured strain.

Figure 8 presents the deformation data in the NS and EW directions, respectively. The
deformation data are derived from the 3D geological FEM results and tiltmeter observa-
tions. As shown in Figure 8a, the annual variation trend of the observed NS directional
deformation indicates a tilt toward the south. Similarly, Figure 8b demonstrates that the
annual variation trend of the observed EW directional deformation indicates a tilt toward
the west. The annual deformation trend observed by the JSS tiltmeter shows an overall
tilt toward the southwest, which is consistent with the results of the 3D geological FEM.
The correlation coefficient between the deformation observed by the JSS tiltmeter and the
FEM simulation is 0.8 in the NS direction and 0.9 in the EW direction, suggesting that the
deformation results from the 3D geological FEM can reasonably represent the actual tilting
observed by the JSS to some extent.

5. Discussion

This study conducts strain and deformation analysis using a 3D FEM, considering
factors such as topography, geological structures, gravity, and temperature. In real de-
formation processes, changes in groundwater and rainfall significantly influence crustal
deformation, especially in areas with marked variations in rock pore pressure [36]. The
infiltration of precipitation and fluctuations in groundwater levels can alter local stress
conditions, leading to surface deformation. Therefore, integrating hydrological parame-
ters with the 3D geological FEM helps provide a more comprehensive understanding of
groundwater flow’s role in crustal strain and deformation. Additionally, rock mechanical
properties are key parameters in FEM modeling. Using more detailed rock distribution and
parameter settings—such as Young’s modulus, Poisson’s ratio, and fracture toughness—can
enable more precise calibration of FEM. Variations in the elastic properties of different rock
types can lead to significant differences in how strain accumulates and releases under exter-
nal forces [44,45]. Furthermore, the nonlinear behavior of rock materials caused by seismic
events, such as fault slip, stress concentration, and fracturing, must be considered [46].
These behaviors cannot be captured by purely linear elastic FEMs [47–49]. Incorporating
nonlinear mechanical behavior models and considering plastic deformation or damage
mechanics will enhance FEM’s ability to predict strain during and after seismic events.
Future research will attempt to introduce other factors affecting strain and deformation,
such as hydrological conditions, seismic activity, or the nonlinear mechanical behavior of
rock masses. By coupling multiple physical fields into existing geological FEMs, stress and
strain variations in real environments can be more accurately simulated, providing a more
comprehensive theoretical basis for predicting geological disasters.

Although 3D geological FEM can offer strain and deformation analysis, the application
of a single model has limitations. Integrating FEM with other monitoring technologies
could improve the monitoring accuracy and coverage of regional crustal deformation. For
instance, combining interferometric synthetic aperture radar (InSAR) with FEM provides a
comprehensive framework for both large-scale and detailed analyses [50,51]. InSAR offers
macroscopic observational data of surface deformation, while FEM allows detailed stress
and deformation analysis for localized areas. This combination can improve overall model
prediction accuracy, particularly in areas with uneven strain distribution. In regions with
sparse GNSS stations, interpolating and extending GNSS data can offer more detailed stress
and deformation distribution maps [52,53]. Additionally, GNSS provides high temporal
resolution real-time monitoring data, which can be used to update FEM models in real-
time, significantly enhancing their predictive capability. For example, post-earthquake
GNSS-observed deformation can be used to immediately correct and update FEM. In
3D geological FEM, real-time monitoring data (such as GNSS, InSAR, or inclinometer
data) can be assimilated into the model, continuously updating its state and parameters.
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This allows the model to optimize over time and improve its predictive ability. Real-time
data assimilation can significantly enhance FEM’s application in dynamic environments,
especially for emergency response during seismic activity.

Through model optimization and multi-source data fusion, FEM models will be better
equipped to capture dynamic changes in regional crustal strain and deformation, aligning
more closely with actual observational data and further enhancing the model’s reliability
and predictive capability. Future studies that incorporate these optimization methods will
enable more accurate and comprehensive research, providing stronger technical support
for regional crustal deformation monitoring.

6. Conclusions

Using regional geological and terrain structure data of Lushan Mountain, the ANSYS
Workbench module is employed to establish a 3D geological FEM to validate the feasibility
of this approach for regional strain and deformation analysis. The method first constructs
a digital 3D terrain model from DEM data, then integrates regional geological rock mass
properties to develop a 3D geological FEM that simulates regional geological structures.
Gravity load and thermal constraints are applied to derive the directional strain and
deformation solutions using the finite element method. Based on the calculations of
directional strain and deformation from the 3D geological FEM, in conjunction with strain
and tilt data measured by the JSS, the results lead to the following conclusions:

1. The 3D geological FEM thermal strain analysis reveals that temperature variations
significantly impact strain and deformation in the study area, especially due to the
elevation difference between the base and summit of the mountain. As temperature
increases, the thermal strain grows, leading to tensile strain in the mountain, while
decreasing temperatures result in reduced thermal strain and compressive effects.
The analysis shows that thermal strain is consistently lower at the summit compared
to the base, reflecting the lower temperatures at higher altitudes. This indicates that
the terrain’s elevation plays a critical role in influencing the strain distribution due to
temperature changes, with the base experiencing greater thermal expansion effects.

2. The results of strain and deformation analysis using the 3D geological FEM indicate
significant variations in strain and deformation across the study area due to factors
such as temperature, geological structures, gravity, and topography. The strain vari-
ation range is from −3.75 × 10−4 to 3.44 × 10−4, and the deformation magnitudes
in the range of −1.8 to 1.6 cm in the study area. The maximum strain values occur
at the mountain base, while the minimum values are observed at the summit. Val-
leys generally experience tensile strain, whereas ridges undergo compression. In
terms of deformation, the model shows an overall southwestward deformation in the
study area.

3. The comparison of strain and deformation data from the 3D geological FEM with the
measured strain and tiltmeter observations at JSS over a ten-year period demonstrates
a strong consistency between the model predictions and actual measurements. The
correlation coefficients between the JSS measured strain and the FEM thermal strain,
adjusted by a three-month shift due to the inconsistency in heat conduction from
the external surface of the mountain to the JSS observation cavity, are 0.6 in the NS
direction and 0.75 in the EW direction. Additionally, the FEM accurately captures
the annual deformation trends in the NS and EW directions, showing a tilt toward
the southwest, which aligns with the observed deformation trends at JSS. Correlation
coefficients of 0.8 in the NS direction and 0.9 in the EW direction suggest that the
FEM deformation results reasonably reflect the actual deformation observed by the
tiltmeter to a certain extent. The strong correlation between FEM predictions and
measured data confirms the effectiveness of using 3D geological FEM for strain and
deformation analysis in the region, offering valuable insights into the strain and
deformation behavior of the Lushan Mountain area.
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By employing finite element modeling, as demonstrated by the JSS, regions with
sparse GNSS data can still effectively analyze and monitor strain and deformation. The
integration of finite element modeling with digital strain and tiltmeter observations pro-
vides an alternative approach to enhancing the understanding of strain and deformation
in areas where traditional GNSS-based methods are limited or insufficient. This study’s
methodological approach is not only effective for the JSS but also applicable to other regions
with limited GNSS monitoring stations and inadequate measurement coverage, presenting
a viable option for regional crustal deformation analysis.
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