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Abstract

Fractures exert a significant influence on rock mass deformation and seepage pathways,
thereby posing a serious challenge to the safe and efficient extraction of deep mines. This
problem is particularly evident in deep mines located near the sea, where fractures are
extensively developed. For such mines, the overlying seawater represents a considerable
potential risk to mining safety. Therefore, investigating the distribution characteristics
of deep fractures and clarifying the coupling relationships among the fracture, stress,
seepage, and temperature fields are important for ensuring safe and efficient production in
deep mines near the sea. Taking the auxiliary shaft of the Sanshandao Gold Mine as the
engineering case, this study uses extensive measured fracture data, determines fracture
locations by their centroids, and adopts kernel density estimation to non-parametrically
characterize the fracture spatial distribution. Fourier convolution is then employed to
rapidly reconstruct fracture positions in the discrete fracture network (DFN) model. The
results demonstrate that the proposed kernel density estimation method can effectively
identify the spatial distribution characteristics of fractures. Subsequently, the fracture
field of the underground rock mass is reconstructed by the Monte Carlo method, and a
thermal-hydro-mechanical multi-field coupling model incorporating the fracture field is
established. The numerical results indicate that fluid flow is primarily concentrated along
fractures, and that heat transfer within fractures is markedly faster than that in the rock
matrix. The presence of fractures significantly affects the stress field of the underground
rock mass, and their influence on the stress distribution increases as fracture length becomes
greater. Accordingly, the effects of fractures should not be neglected in numerical analyses.
The findings provide reliable support for mine stability calculations and safety evaluations.

Keywords: deep mines; discrete fracture field; thermal-hydro-mechanical coupling; kernel
density estimation; fracture field reconstruction

1. Introduction

Natural rock masses commonly contain numerous fractures formed during geological
evolution and further influenced by long-term engineering disturbances. These discontinu-
ities not only modify the mechanical behavior of the rock mass, but also provide important
pathways for groundwater flow and transport [1,2]. When distributed throughout the
rock mass, they constitute complex fracture networks that are highly relevant to shale
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gas extraction [3], geothermal resource development, nuclear waste disposal, and other
geological engineering applications [4-6]. Consequently, reliable identification of the spa-
tial arrangement of fractures is essential for assessing the safety, stability, and hydraulic
response of underground engineering systems. Nevertheless, accurately describing fracture
networks at the engineering scale remains a considerable challenge. Field measurement
of individual structural planes is itself demanding, whereas complete identification of all
fractures within a rock mass is generally impractical.

In engineering practice, fracture characteristics and their geological distribution are
generally inferred from limited observations obtained through rock outcrops, borehole
cores, borehole imaging, and geophysical exploration. A variety of statistical and stochastic
methods have therefore been developed for fracture description and reconstruction. Zhang
et al. [7] characterized the distribution of fracture lengths using a negative exponential
function, while Xu et al. [8] introduced a statistical window sampling approach to im-
prove the estimation of fracture trace lengths. Song et al. [9] subsequently developed a
three-dimensional fracture-network simulation method by combining probability statis-
tics, stochastic theory, and computer programming. Among the available approaches,
the Discrete Fracture Network (DFN) model has become an important tool for repre-
senting three-dimensional fracture systems and has been widely applied in geotechnical
and petroleum engineering research [10,11]. However, conventional DFN models com-
monly generate fractures according to a prescribed density under the assumption of spatial
randomness, namely, the Poisson model [12]. Such an assumption does not adequately
represent the spatial organization and correlation typically exhibited by fractures in natural
rock masses. In reality, natural fractures may occur in clustered, regular, or random arrange-
ments, as illustrated in Figure 1. In this figure, the blue lines denote fracture traces and
the gray points indicate their centroids. Although the three cases have identical fracture
numbers and comparable mean intensities, their different spatial arrangements lead to
distinct structural characteristics. The spatial organization becomes even more complicated
when several fracture sets occur simultaneously. Therefore, an accurate reconstruction
of deeply fractured rock masses should describe not only the statistical characteristics
of fracture geometry, but also the spatial distribution patterns and heterogeneity of the
fracture network.

(a) Random (b) Clustered (c)Regular
[ | Rock mass * Barycenter = —— Fracture trace

Figure 1. Fracture distribution pattern.

For coastal mining operations, overlying seawater may constitute a major potential
hazard to underground safety. As the mining depth approaches 2000 m, the effects of
high in situ stress, elevated geothermal temperature, and high seepage pressure within
deep rock masses become increasingly pronounced. Under these geological conditions,
interactions among stress, fluid flow, temperature, and fracture evolution are important
factors governing the stability and safety of deep underground engineering. Previous
studies on underground energy-storage caverns have further demonstrated that excavation

https://doi.org/10.3390/modelling7040141


https://doi.org/10.3390/modelling7040141

Modelling 2026, 7, 141

30f21

geometry, in situ stress conditions, and chamber configuration can significantly affect the
stability and stress redistribution of surrounding rock masses [13,14]. Current numerical
methods for analyzing coupled multi-field processes in deep geological engineering mainly
include the finite difference method (FDM), boundary element method (BEM), finite ele-
ment method (FEM), and finite volume method (FVM). Most available numerical platforms
can simulate coupled seepage and heat-transfer processes [15-18], while several compu-
tational frameworks have further been developed for thermal-hydro-mechanical (THM)
and thermal-hydro-mechanical-chemical (THMC) analyses. For instance, Rutqvist used
TOUGH-FLAC to examine deformation and pore-pressure evolution in deep geological
projects, including the In Salah CO, storage project in Algeria and the Geysers geother-
mal field in the United States [19]. Kong et al. [20] proposed an optimization approach
for geothermal well spacing based on OpenGeoSys, while programs such as ROLG can
additionally account for liquid—-gas phase transition and steam transport [21].

To better represent the complex behavior of fractured rock masses, discrete fracture
models and mesoscopic simulation methods have also been incorporated into THM anal-
yses. Pan et al. [22] applied cellular automata to rock-mechanics simulations and used
weakened cellular elements to describe the mechanical response of complex fracture net-
works under THM coupling conditions. Sun et al. [23] developed a THM coupling model
containing discrete fractures and compared heat-extraction performance under thermal-
flow and THM coupling conditions, indicating the necessity of accounting for THM effects.
Yao et al. [24] established a numerical model for heat extraction in Enhanced Geothermal
Systems (EGS), examined the pressure, temperature, stress, and deformation distributions
within geothermal reservoirs, and identified fractures as the principal flow pathways.
Hofmann et al. [25] constructed a two-dimensional discrete fracture model for granite
formations to evaluate the effects of fracture number, discretization, and well location
on heat-extraction efficiency, and reported better performance for complex fracture net-
works than for simple horizontal fracture systems. Li et al. [26] proposed an open-loop
dual-well heat-extraction model and showed that increasing well spacing could improve
thermal recovery efficiency. From a broader modeling perspective, data-driven multiscale
approaches have also been used to characterize crack initiation and evolution in hetero-
geneous solid materials under mechanical loading [27]. Although the material system
considered in such studies differs from fractured rock masses, the corresponding multiscale
description of crack evolution provides a useful methodological reference for analyzing
damage localization in complex geological media.

Despite these advances in the analysis of THM processes in fractured rock masses,
relatively limited attention has been given to coupled multi-field behavior induced by shaft
excavation in deep coastal mining environments. In particular, the relationships among
fracture distribution, stress redistribution, seepage migration, and temperature evolution
under such conditions remain insufficiently understood. Therefore, accurately describing
the spatial distribution of deep fracture networks and examining the coupling among
fracture, stress, seepage, and temperature fields are important for the safe and efficient
production of the deep coastal mines.

In this study, the deputy shaft in the Sanshandao mining area is taken as the en-
gineering background. Based on a substantial amount of field-measured fracture data,
fracture locations are represented by their centroids, and kernel density estimation (KDE)
is adopted to describe the fracture spatial distribution in a non-parametric manner. Fourier
convolution is subsequently applied to enable rapid reconstruction of fracture locations
within the Discrete Fracture Network (DFN) framework. Using the obtained distribution
characteristics, the underground fracture field is reconstructed by the Monte Carlo method.
A thermal-hydro-mechanical multi-field coupling model incorporating the reconstructed

https://doi.org/10.3390/modelling7040141


https://doi.org/10.3390/modelling7040141

Modelling 2026, 7, 141

40f21

fracture network is then developed in COMSOL6.2 to support stability analysis and safety
evaluation for deep coastal mining engineering.

2. Reconstruction of Fracture Field
2.1. Overview of the Study Area

Sanshandao gold mining area is situated in Bohai Bay, and the shaft considered in this
study is located at the foot of the mountain on the northwestern side of the Xishan mining
area (Figure 2). The nearshore zone and seabed are generally low and flat, with elevations
ranging from —5.8 m to +2.0 m. Three small hills occur close to the shoreline, among which
the highest point reaches an elevation of +67.14 m; these hills are classified as denudational
monadnocks. In contrast, the terrain along the eastern coastal area is relatively flat and
gently inclined, with elevations between 2.0 m and 6.5 m. This area belongs to a coastal plain
sedimentary landform, where eolian coarse sand is extensively distributed in the shallow
surface layer. The ground surface is mainly covered by Quaternary deposits, beneath which
lies the Neoarchean Jiaodong Group. The principal lithologies include granite, granodiorite,
gneiss, monzonitic granite, and gneissic fine-grained biotite hornblende tonalite [28].
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Figure 2. Location of the study area.

The submarine topography along the eastern coast of Laizhou Bay is relatively simple.
The 10 m isobath lies approximately 2—4 km offshore and generally follows the contour
of the coastline. Beyond this isobath, the seabed becomes flat with only a gentle gradient,
and the supply of terrigenous material is limited. The regional hydrodynamic conditions
are mainly controlled by reciprocating currents in the NE-NW directions and waves from
the north-by-west direction. Except for a small underwater delta developed at the mouth
of the boundary river, nearshore underwater shoals are present and gradually transition
seaward into a submarine accumulation plain.

Fault structures constitute the principal tectonic features in the study area and can be
classified as ore-controlling faults or post-ore faults according to their genetic relationships.
Three faults, designated F1, F2, and F3, are developed within the area. The exposed rocks
are dominated by magmatic and metamorphic rocks, most of which are connected through
altered transitional contacts. No distinct structural planes are observed either between
the different lithologies or within the rocks themselves. Accordingly, the main structural
planes identified in the investigated area are fault-related structural planes. The average
geothermal gradient is 2.4 °C per 100 m. The recorded temperature is 14.5 °C at a depth of
300 m and increases to 57 °C at a logging depth of 2000 m, indicating a high-temperature
environment in the deep formation.
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Kernel density estimation (KDE) is a non-parametric approach in which the probability
density function is inferred directly from the observed samples rather than assumed to
follow a predefined distribution. Therefore, a distribution model can be constructed from
the intrinsic pattern of the available data without requiring prior information about the
population form. Compared with parametric approaches, KDE reduces dependence on
assumed sample distributions and is thus more suitable for describing data with random
characteristics. For a one-dimensional real random variable X = {x7, x3, X3, ..., Xn}, the
kernel density estimate is defined as follows [29]:

X 1 & 1 & x—x
fu(x) = %;Kh(X— X;) = %Z; K(T) 1)

where  is the bandwidth,  denotes the sample numbers, x; represents the ith sample, and
K is the kernel function.

The performance of KDE is primarily affected by the selected kernel function and
bandwidth. Of these two factors, bandwidth generally has a more pronounced influence on
the fitting result of the estimated distribution [30]. The bandwidth h controls the smoothing
degree of the probability density curve: a larger value produces a smoother density estimate,
whereas a smaller value preserves more local variation and leads to a sharper curve. In
this study, the bandwidth is determined by minimizing the mean integrated squared error
(MISE), as expressed below [31]:

. { J (K () }“n_o.z -
J1 ) Peul ] 12K () du]?

Because a fracture network generally contains a large number of fractures, performing

statistical calculations for each individual fracture would impose a substantial compu-
tational burden. To improve computational efficiency, a fast kernel density estimation
algorithm is adopted in this study, and new fracture points are subsequently generated
from the estimated density distribution. In this procedure, the study domain is first divided
linearly into equally spaced grids, as illustrated in Figure 3. Each measured data point is
then traversed and assigned to its neighboring grid vertices with corresponding weights.
In the one-dimensional case, a data point contributes weights to the two nearest grid
vertices; for a d-dimensional case, weights are allocated to the adjacent 24 grid vertices.
The computational complexity of this assignment process is therefore O(n24). Fourier
discrete convolution is subsequently employed to calculate the kernel density estimate,
requiring a total of O(nlog") operations, where n represents the number of grid points.
When the statistical region is sufficiently large to reflect fracture distribution throughout the
study domain, the estimated kernel density values can be used to characterize the spatial
structure of fractures in the entire region.

On the basis of this assumption, fracture-point sampling is performed in MATLAB
2024b by extending the sampling range to the entire study domain. The total number of
sampled points is set equal to the number of fractures within the domain, and the generated
points are regarded as the center points of the reconstructed fractures. Since these sampling
points are generated from grid vertices, the spatial resolution of the reconstructed fracture
positions is affected by grid spacing. Similar to the influence of bandwidth selection, a
smaller and denser grid spacing provides a finer representation of the sampled points.
Subsequently, the distributions of fracture length, orientation, and dip angle are generated
in MATLAB using the Monte Carlo method. The sampled fracture positions are then
randomly combined with the generated occurrence information to obtain the data required
for fracture reconstruction. Finally, the reconstructed fracture field is generated in MATLAB
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and exported as a DXF file for subsequent finite element analysis. The overall procedure is

presented in Figure 4.
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Figure 3. Equidistant grid points used for kernel density sampling.
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Figure 4. Flowchart of fracture-field reconstruction.

2.2. Fracture Field Reconstruction Results

According to the statistical results, the mean fracture spacing in the study area is

0.5 m, and the fracture trace length follows a negative exponential distribution with a mean

value of 8 m. Based on their orientations, the fractures are classified into three groups.

The tendencies of the first and second groups follow lognormal distributions, with mean

values of 120° and 297°, respectively. Because a large number of fractures have tendencies

within the range of 0-20°, these fractures are treated separately as the third group, whose

tendency follows a normal distribution with a mean value of 10°. The mean dip angles of

the three fracture groups are 87°,77°, and 77°, respectively. The corresponding geometric

characteristics are presented in Figure 5 and Table 1 [28].
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Figure 5. Geometric characteristics of fractures in the Sanshandao mining area.
Table 1. Statistical geometric characteristics of fractures in the study area.
Grou Trace Length Tendency Dip Angle Areal
P Distribution Mean Distribution = Mean Standard Distribution Mean Standard Density
1 Negative 8m Loenormal 120° 3.2 87° 3.6 0.43 m~2
& 8m &n 297° 27 Normality — 77° 3.1 0.37 m2
exponent . o o Y
8m Normality 10 41 77 2.9 0.5m

A domain of 100 m x 100 m was selected for fracture-field reconstruction, within
which a total of 4330 fractures were generated. The reconstructed fracture field is presented
in Figure 6a. In this figure, the red straight line denotes the major fault zone in the mining
area, while the red region indicates an area with a relatively dense fracture distribution. The
centroids of the generated fractures were subsequently extracted, and the corresponding
kernel density distribution over the study domain is shown in Figure 6b. The results
reveal several spatially clustered fracture zones, with fractures occurring more densely
on the left side of the domain than on the right side. Compared with a reconstruction
based on randomly distributed fractures, the reconstructed field is able to represent the
concentration of fractures in the vicinity of the fault zone. However, it is worth mentioning
that the model proposed in this study can describe the spatial intersection and connectivity
between fracture sets in different directions, but it cannot strictly simulate the truncation
and inheritance relationships in natural fracture networks. Moreover, the reconstruction
model in this paper assumes that the parameters of fracture statistical information are
independent of each other, and the influence of parameter correlation is not considered. In
the follow-up study, the DFN model associated with the geometric characteristics of the
fracture will be reconstructed.
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Figure 6. Reconstructed fracture field and spatial distribution of fractures: (a) Reconstructed fracture
field; (b) Spatial distribution characteristics of fractures.

3. Results Multi-Field Coupling Mechanism of Underground Rock Mass
3.1. Coupled Model Equations

The deep metal mining area is characterized by the conditions commonly described
as “three highs and one disturbance.” As shown by the geothermal profile in Figure 7,
the formation temperature reaches 57 °C at a depth of 2000 m, indicating a pronounced
high-temperature environment in the deep strata. Under these conditions, a coupled
thermo-hydro-mechanical model is required to evaluate the effects of high in situ stress,
high formation temperature, and elevated water pressure on the underground rock mass,
thereby providing a basis for safe and efficient mining operations.

Temperature/ °C

400 1 400 1
600 - 600 4
800 1 800 A
1000 1000
g =
= S
= =
o, 1200 - = 1200 A
Q )
A o
1400 1400
1600 1600 4
1800 1800
2000 T T T T 2000 - T T T T
20 30 ] 50 0 1 2 3 4

Geothermal gradient

Figure 7. Borehole temperature and geothermal gradient curves in the study area.

3.1.1. Mechanical Equations

Based on the differential equation of stress equilibrium, the geometric relationship,
and the constitutive equation, the governing equation for the stress field in fractured rock

masses is written as follows [32]:

2Gv
Gui/]' + mskk(sij —ap; —KarTi0+F =0 ®)
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where G is the shear modulus, Pa; K is the bulk modulus, Pa; E denotes Young’s modulus,
Pa; v is Poisson’s ratio; & represents the Biot coefficient; at is the thermal expansion
coefficient, m/°C; e denotes strain; T is temperature, °C; and p is pore pressure, Pa.

The rock material is assumed to obey linear poroelastic behavior combined with an
isotropic damage model [33]:

o = 0ijj—apl=(1-w)D:¢; 4)

where ¢’ denotes the effective stress, w is the scalar damage variable, I represents the
identity matrix, and D is the elastic stiffness matrix. In the adopted sign convention,
compressive stress and strain are positive, whereas tensile stress and strain are negative.

The isotropic damage formulation is introduced to describe the failure process of
the rock material. The damage variables under tensile and compressive conditions are
represented by w; and w,, respectively. Under the assumption of elastic-brittle constitutive
behavior, the damage evolution relationships are expressed as follows:

0, Kt > €40 0, ke < €
wp = fo we = for )

~ Erq Kt < €10 ~ Ex Ke > €0
where « is an internal variable recording the maximum equivalent strain attained during
loading. The equivalent tensile and compressive strains are defined according to the smooth
Rankine criterion. Here, ey = —f1/E and e,9 = fo/E denote the ultimate elastic tensile
and compressive strains, respectively; fy and f are the tensile and compressive strengths;
fir =1fw and for = 17f o are the corresponding residual strengths; 7 is the residual strength
ratio; and «¢ and «. are the internal variables associated with tensile and compressive

loading, respectively.

3.1.2. Normal Displacement and Shear Displacement of Fractures

For a natural fracture subjected to normal compressive loading, the variation in normal
aperture is assumed to follow an exponential relationship:

by = by + (by — by)el o) (6)

where b, denotes the normal aperture, m; by and b, are the initial and residual apertures,
respectively, m; ¢’y = 0, — p represents the effective normal compressive stress; oy, is the
total normal stress; p is the pore pressure; ¢ is the coefficient describing the relationship
between stress and aperture, defined as 1/[Kno(bp — br)]; and Ky denotes the initial
normal stiffness.

Accordingly, the response of a fracture under normal compression is characterized by
a nonlinear normal stiffness, which is expressed as follows:

—tan¢gdus, u, <us <u
dvs _ ¢d s p = Us r (7)
0, other

When both normal and shear deformations are considered, the fracture aperture bf is
calculated by:

where ¢4 represents the dilation angle, and u, denotes the residual shear displacement.

https://doi.org/10.3390/modelling7040141


https://doi.org/10.3390/modelling7040141

Modelling 2026, 7, 141

10 of 21

3.1.3. Fluid Flow in Fractured Porous Media

For single-phase fluid flow through fractured porous media, the mass conservation
equation is expressed as follows [33]:
op ogy

kPw
Pw(sg ‘H"g) - V( ™

Vp) =Q ©)

where py is the water density, kg/m3; ¢ denotes porosity, with ¢ and @ corresponding
to the fracture and matrix porosities, respectively; f is time; U represents the fluid velocity;
Q is the source term; and ¢, denotes the volumetric strain of the solid skeleton.

The movement of fluid within the medium is governed by Darcy’s law:

u=- LS Vp (10)
Hw
where k denotes permeability, with k¢ and kp, representing the permeabilities of the fractures
and rock matrix, respectively; yy, is the dynamic viscosity of water, Pa-s; and S is the storage
coefficient, for which S¢ and Sy, refer to the values of the fractures and matrix, respectively.
For natural fractures, the permeability is related to fracture aperture according to the
cubic law, and the corresponding storage coefficient is calculated as follows:

Sp=cot (11)

1
Kﬂ bf
where ¢, is the compressibility of water. Since the natural fractures are assumed to contain
no filling material, the fracture porosity ¢s is taken as 1.

The porosity of the rock matrix is calculated using;:

om = ¢r+ (¢o — ¢r)€(7éﬁ/) (12)

where ¢g and ¢, are the initial and residual porosities, respectively; ¢’ represents the
effective mean stress; and ¢ is the coefficient describing the relationship between porosity
and stress. For undamaged rock (w = 0), this coefficient is expressed as ¢, /(pg — ¢r); for
damaged rock (w > 0), it is given by 1/[Kn(by — br)].

The permeability of the rock matrix is described by:

K = k(21 )e(Ew) (13)
®o

where kj denotes the initial permeability of the matrix, and { is the coefficient relating
damage to permeability. This coefficient is estimated according to the expression provided
in Equation (13), in which h represents the width of the damaged zone and is approximately
taken as the local element size in the numerical simulation.

The storage coefficient of the rock matrix is determined by:

Sm = QmCuw + (1 - 0‘)(“ - §0m)Cm (14)

where ¢y = 3(1 — 2v)/E denotes the compressibility of the rock matrix.
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3.1.4. Heat Transfer Equation

The heat exchange between the fluid and rock mass in discrete fractures is described us-
ing the heat-transfer formulation for porous media. The corresponding energy conservation
equation is written as follows [34]:

oT
bi(PCp) ot 57 + biowCw V- (1eT) = V- (AegtV'T) = Qe (15)

where (0Cp)eff is the effective volumetric heat capacity, J/ (m3.°C); Cy, and A,, denote
the isobaric specific heat capacity and thermal conductivity of water, respectively; u; is
the fluid velocity in the fractured reservoir, m/s; A represents the effective thermal
conductivity, W/(m-°C); C; is the isobaric specific heat capacity of the fractured reservoir,
J/(kg-°C); and Qg denotes the heat exchange between the fluid and rock within the
fractured reservoir, W/m3.

Heat conduction within the solid rock mass is governed by:

aTr
psCsﬁ = v . (/\svT) (16)
where C;s and As are the isobaric specific heat capacity and thermal conductivity of the rock

mass, respectively.

3.2. Model Validation

To evaluate the reliability of the proposed model, the simulation results were com-
pared with those reported by He et al. [35]. In their study, a dual-medium thermo-hydro-
mechanical coupling model was established to investigate the evolution of reservoir per-
meability during geothermal extraction. The computational configuration adopted for
validation is shown in Figure 8. The hydraulically fractured hot dry rock reservoir is repre-
sented by a two-dimensional domain measuring 300 m x 300 m. The randomly generated
fracture network mainly consists of two fracture sets. For each set, the fracture orientation
follows a standard normal distribution, while the trace length is described by a normal
distribution. The corresponding fracture-network parameters are listed in Table 2.

S A e
5 '] —a—p | oy

w—o—+—4
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(a) (b)

Figure 8. Hot dry rock model containing a fracture network: (a) Model established by He et al. [35];
(b) Validation model.
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Table 2. Parameters of the fracture network used in the validation model.
Grou Trace Length (m) Dip Angle (°) Aperture Areal-Density
p Mean Standard Mean Standard (mm) (1/m?)
1 55 55 0 1 0.4 0.43
2 65 2.8 90 1 0.4 0.37

A one-injection—one-production configuration is adopted in the model. As shown in
Figure 8, the blue point represents the injection well, whereas the red point denotes the
production well. The material parameters assigned to the fracture network are provided
in the corresponding parameter Table 3. The initial water pressure in the reservoir is
set to 40 MPa. Constant-pressure conditions are imposed at the wells, with pressures of
44 MPa and 40 MPa applied to the injection and production wells, respectively. Both wells
have a diameter of 0.2 m, and all other boundaries are treated as no-flow boundaries. The
initial temperature of both the reservoir rock and the contained water is 200 °C, while
the injected water temperature is fixed at 20 °C. Thermal insulation is imposed along the
outer boundaries of the model. For the stress-field simulation, displacement constraints
are applied to the surrounding boundaries. In order to examine stress disturbance during
the heat-extraction process more directly, the initial in situ stress is not included in this
validation calculation.

Table 3. Hot dry rock model parameters.

Parameter Value
Rock matrix:
Density 2700 kg/m?3
Young’s modulus 30 GPa
Poisson ratio 0.25
Initial porosity 0.01
Residual porosity 0.005
Initial permeability 1 x 10718 m?
Thermal conductivity 3 W/(m-K)
Specific heat capacity 1000 J/(kg-°C)
Thermal expansion coefficient 5x1076°C!
Fracture:
Initial normal stiffness 1200 GPa/m
Shear stiffness 400 GPa/m
Initial permeability 1 x 10711 m?2

The calculated pressure and temperature distributions are presented in Figure 9. After
10 years of operation, the injection of high-pressure water causes the reservoir pressure to
gradually increase. A limited amount of fluid enters the low-porosity and low-permeability
rock matrix, whereas the principal flow pathways occur within fracture zones because of
their higher permeability and greater flow velocity. Consequently, fluid flow within the
reservoir exhibits a non-uniform distribution. Following the injection of low-temperature
water into the hot reservoir, heat exchange between the cold fluid and the high-temperature
rock mass also takes place mainly along the fracture zones. These results are consistent
with those obtained by He et al. [35]. To further examine the reliability of the present model,
the pressure evolution at the central point of the reservoir was monitored. The compared
results were illustrated in Figure 10. The two sets of results exhibit a similar overall trend.
A slightly lower value is obtained from the present model at 30 years, which is attributed
in the original analysis to the randomness associated with the generated fracture network.
Overall, the comparison supports the reliability of the established model. The verification
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of this study is mainly aimed at the rationality of numerical implementation, rather than
the verification of on-site scale prediction ability. In the future, it is necessary to further

check and verify the model parameters by combining the field monitoring data and the
fracture normal-shear seepage test results.

=i | = f"’] —jt is

o
il

(a) (b)

Figure 9. Pressure and temperature distributions in the hot dry rock reservoir: (a) Pressure;
(b) Temperature.
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Figure 10. Pressure evolution at the central point of the hot dry rock reservoir.
3.3. Coupled Model and Results

Using the reconstructed fracture field described above, a thermo-hydro-mechanical
coupling model is established to investigate the behavior of fractured rock masses during
shaft construction at a depth of 2000 m, as illustrated in Figure 11. The computational
domain measures 100 m x 100 m, and a shaft with a diameter of 10.5 m is positioned
at its center. Roller-support boundary conditions are imposed on the upper and right
boundaries, whereas the original horizontal stresses of the formation are applied to the
left and lower boundaries. According to the geological survey results, the maximum and
minimum principal stresses at a depth of 2000 m are 70 MPa and 47 MPa, respectively.
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Figure 11. Boundary conditions of the thermo-hydro-mechanical coupling model for underground
fractured rock masses.

The initial pore pressure of the formation is set to 20 MPa. The external boundaries
are treated as impermeable, while atmospheric pressure is prescribed along the shaft
boundary. For the temperature field, an initial temperature of 57 °C is assigned to the
model, and the surrounding boundaries are maintained at 57 °C. The shaft boundary is
set to room temperature, namely 10 °C, in order to examine temperature propagation
within the fractured rock mass during shaft construction. The domain is discretized using
triangular elements, resulting in a total of 82,723 elements with an average mesh quality
of 0.82. The calculation is conducted using the built-in automatic highly nonlinear solver
in COMSOL, with a calculation period of 50 days. The remaining material and fracture
parameters are provided in Table 4.

The pressure distribution obtained from the model is shown in Figure 12. Following
the commencement of shaft construction, the high-pressure fluid initially stored in the
formation flows toward the shaft through both the low-porosity and low-permeability rock
matrix and the fractures. In the present model, the three fracture zones are concentrated in
the lower-left region, where fractures are more densely distributed and exhibit stronger
connectivity. Accordingly, the pressure in this region decreases more rapidly than that in
other parts of the model. This region therefore constitutes the dominant seepage zone, and
engineering protection against water inrush should give priority to this direction.

As indicated in Figure 13, the principal pathways of fluid migration are concentrated
within the fracture zones, where permeability and flow velocity are relatively high and the
pressure decreases earlier. The fluid velocity in the fractures is approximately three orders
of magnitude greater than that in the rock matrix. Such rapid pressure reduction within
the fractures consequently induces deformation of the surrounding rock matrix.

The temperature distribution of the model is presented in Figure 14. After shaft con-
struction begins, the temperature in the surrounding region of the shaft becomes noticeably
lower than the initial formation temperature, causing heat in the original formation to
transfer toward the low-temperature zone. Only a small proportion of heat is transferred
through the rock matrix because of its low porosity and low permeability, whereas most
heat is transported with the fluid along fracture zones characterized by higher permeability
and greater flow velocity. Consequently, the presence of fractures leads to an evidently
non-uniform temperature distribution within the model. The current model is based on
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the assumption of local thermal equilibrium, and does not consider the possible thermal
non-equilibrium effect between fracture and matrix. In the future, the bi-continuum LTNE
model will be used to further analyze the heat transfer mechanism in the fracture network,
so0 as to improve the accuracy of thermal-fluid-solid coupling simulation of deep fractured

rock mass.

Table 4. Parameters of the multi-field coupling model.

Parameter Value
Rock matrix:

Density 2600 kg/m3
Young’s modulus 54 GPa
Poisson ratio 0.12
Tensile strength 6 MPa

Compressive strength 110 MPa

Residual strength ratio 0.1
Initial porosity 0.01

Residual porosity 0.001
Initial permeability 1 x 10718 m?
Biot’s coefficient 0.5
Thermal conductivity 2.5 W/(m-K)
Specific heat capacity 1000 J/(kg-°C)
Thermal expansion coefficient 1x107°°C!
Fracture:

Initial normal stiffness 50 GPa/m
Shear stiffness 10 GPa/m
Friction angle 30°
Dilation angle 3°

Residual displacement 5 mm
Initial aperture 0.1 mm

Residual aperture 0.01 mm
Water:
Density 1000 kg/m?3
Viscosity 1 x 1073 Pa's
Compressibility 45 x 10719 pa-t!
Thermal conductivity 0.5 W/(m-K)
Specific heat capacity 4200]/(kg-°C)
MPa
A 20

19.2
17.6
16

| 14.4
12.8
11.2
9.6

18
6.4
4.8
312
1.6
0

Figure 12. Pressure distribution of the model.
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Figure 13. Fluid velocity distribution at the initial stage.
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Figure 14. Temperature transfer law of model.

The stress distribution obtained from the model is shown in Figure 15. Owing to shaft
construction, the Von Mises stress in the vicinity of the shaft is substantially higher than
that in the remaining areas, with a maximum value of 122 MPa, approximately 1.7 times
the original formation stress. In addition, the presence of fractures causes an uneven
distribution of Von Mises stress within the formation. This phenomenon is related, on
the one hand, to the differences in mechanical properties between fractures and the rock
matrix, through which fractures affect the mechanical behavior of the rock mass. On the
other hand, changes in the formation temperature field cause the high-temperature rock
matrix to contract under cooling, thereby altering its mechanical state. Meanwhile, matrix
deformation increases the fracture aperture and enhances the hydraulic conductivity of
the formation. The resulting acceleration of temperature variation further contributes to
redistribution of the stress field.
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Figure 15. The stress distribution of the model.

4. Discussion

Fractures introduce heterogeneity into the physical and mechanical properties of
underground rock masses. According to the concept of continuum mechanics, when the
investigated rock-mass domain reaches a sufficiently large scale, the equivalent physical
and mechanical properties of the fractured medium tend to stabilize at representative
values. The corresponding characteristic scale is referred to as the representative elementary
volume (REV) of the rock mass. To determine the REV of the fractured rock mass in the
Sanshandao area, eight DFN submodels were extracted from the generated 100 m x 100 m
fracture model. These submodels were centered at the coordinate point (50 m, 50 m), with
the side length increasing from 5 m at an interval of 2.5 m.

For each submodel, a pressure of 10 MPa was imposed on the left boundary, atmo-
spheric pressure was assigned to the right boundary, and the upper and lower boundaries
were defined as impermeable. Figure 16 presents the variation in equivalent permeability
with rock-mass size for the Sanshandao area. The equivalent permeability gradually in-
creases as the model size becomes larger. When the side length reaches 17.5 m, the variation
in permeability becomes very small, indicating that the fractured rock mass can be regarded
as having reached its representative elementary volume at this scale.

XIO-ZI
18 4

5

Permeability/ m

Side length/ m

Figure 16. Equivalent permeability of fractured rock masses with different sizes in the Sanshan-
dao area.
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To further examine the influence of fractures on the hydraulic behavior of underground
rock masses, a homogeneous model without fractures was constructed for comparison. The
material parameters and boundary conditions were kept consistent with those adopted
in the preceding analysis. Pressure variations along the section line at (y = 150) m were
monitored for both the homogeneous model and the fractured model, and the comparison
is shown in Figure 17. In the homogeneous model, the pressure decreases smoothly from
20 MPa at the external boundary to atmospheric pressure at the shaft boundary. By contrast,
the pressure profile obtained from the fractured model presents distinct plateau-like and
sawtooth-shaped variations. This difference indicates that hydraulic-head dissipation in
fractured rock masses is spatially non-uniform. Therefore, the effects of fractures should
be explicitly considered when evaluating the seepage characteristics of underground rock
masses. However, the 17.5 m REV obtained in this paper should be regarded as a hydraulic
REV in the strict sense, and its applicability to thermal and mechanical parameters needs to
be further verified. Future research will use parameters such as equivalent elastic modulus
and thermal conductivity to jointly determine the comprehensive REV under multi-field
coupling conditions.

20

Pressure/ MPa
=)

Homogeneous model

Fracture model
0 v T v T T v T Y

0 20 40 60 80 100
X/ m

Figure 17. Comparison of pressure variations along the (y = 150) m section line in the two models.

To investigate the effect of fracture length distribution on the mechanical response of
underground rock masses, two additional fracture models were generated on the basis of
the preceding model. Their mean fracture lengths were set to 6 m and 10 m, respectively,
while the total number of fractures remained unchanged. The same boundary conditions
as those applied to the model with a mean fracture length of 8 m were adopted for the com-
parative calculations. Figure 18 shows the stress distributions obtained for the models with
different fracture-length characteristics. Following shaft construction, stress redistribution
occurs in all three models, and the stress concentration around the shaft is substantially
greater than the initial formation stress. Among these cases, the model with a mean fracture
length of 10 m produces the highest Von Mises stress, reaching 129 MPa. This value is
11 MPa higher than that obtained for the model with a mean fracture length of 6 m. The
difference is attributed to the larger proportion of the rock mass occupied by fractures when
the average fracture length increases, which leads to higher permeability. Consequently,
high-pressure formation water flows more rapidly toward the shaft, resulting in a sharper
reduction in pore pressure around the shaft and a corresponding increase in the effective
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stress of the rock mass. Also, the increase in average fracture length not only increases
the fracture volume fraction but also enhances the connectivity of fracture network, thus
changing the pore pressure transfer path and stress redistribution mode.

MPa

MPa
A2

A33s

40
35
35
130
130

125
125

120
120

V151

(b)

Figure 18. Stress distributions of models with different mean fracture lengths: (a) Average fracture

length is 10 m; (b) Average fracture length is 6 m.

5. Conclusions

Based on extensive field-measured fracture data, this study represents fracture loca-
tions using their centroids and applies kernel density estimation (KDE) to describe the
spatial distribution of fractures without assuming a predefined distribution form. Fourier
convolution is then used to improve the efficiency of fracture-position reconstruction within
the Discrete Fracture Network (DFN) model. The main conclusions are as follows:

(1) The KDE-based method can identify the spatial distribution characteristics of fractures
and represent the heterogeneity of fracture occurrence in the studied rock mass.
In combination with Monte Carlo sampling, the fracture field of the underground
rock mass was reconstructed in MATLAB, providing a basis for the subsequent
numerical analysis.

(2) A thermo-hydro-mechanical (THM) coupling model containing the reconstructed
fracture network was developed in COMSOL. The numerical results show that fluid
migration occurs primarily through the fractures, while heat transfer along fracture
pathways is substantially faster than that through the surrounding rock matrix. Thus,
fractures play an important role in the seepage and heat-transfer behavior of the
investigated deep rock mass.

(3) The fracture network has an evident influence on the stress distribution of the un-
derground rock mass. Within the comparative models established in this study, an
increase in mean fracture length leads to a stronger disturbance of the stress field.
Therefore, the effects of fractures should be considered in numerical calculations and
stability evaluations of deep fractured rock masses.

The model established in this study is based on the finite element method, and the
characteristics of rough fracture filling, fracture slip and crack propagation are not con-
sidered. It is impossible to simulate the phenomenon of large-scale fracture reactivation
and its induced topological structure evolution and crack directional propagation. In the
following research, the phase-field method or continuous-discrete coupling method will be
used to further study the problem. Moreover, the model in this paper does not consider the
influence of seawater erosion for the time being, which is an important research direction.
It will be studied in future research.
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