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Abstract The hydraulic fracturing process is a prominent example of fracture network evolution under
stress. However, the interactions between hydraulic fractures and natural fracture networks, along with the
connectivity evolution of the resultant fracture networks, require more research. This research incorporates
discrete fracture networks to characterize subsurface structures and employs the Discrete Element ‐ Lattice
Boltzmann Method to simulate the hydraulic fracturing process. The dynamic evolution of subsurface
structures, including the initiation of hydraulic fractures and their interaction with natural fractures, is
systematically investigated. Results indicate that natural fractures significantly impact fracture initiation,
propagation, and connectivity evolution, which in turn affects fluid production. Fracture strength is key for the
interaction, and hydraulic fractures tend to propagate along weak natural fractures with low resistance.
Fracture strength variability determines the final fracture networks, with low‐strength fractures breaking due to
the altered in‐situ stress and forming local clusters. High injection rates and fluid viscosity result in a large
pressure buildup and exaggerate the influential region. A multi‐cluster system is thus formed during the
hydraulic fracturing process, and its connectivity can be well quantified with a novel connectivity metric. In
low‐permeable reservoirs, fracture clusters connected to production wells can contribute instantly, while local
clusters may contribute to production from a long‐term perspective. Injection rate, fluid viscosity, fracture
orientation, and clustering effects have consistent positive correlations with the total connectivity and
production. Heterogeneity has a weak positive correlation with fluid production, while a moderate negative
correlation with total connectivity.

Plain Language Summary Hydraulic fracturing is a widely employed technique in developing
unconventional reservoirs. Ubiquitous natural fractures in the deep subsurface significantly influence the
hydraulic fracturing outcomes; however, the interactions between hydraulic and natural fractures remain
incompletely understood. In this work, we optimize the numerical scheme to incorporate natural fractures and
explore their impact on hydraulic fracturing. We found that natural fractures significantly impact fracture
initiation, propagation, and connectivity evolution, which in turn affects fluid production. Fracture strength is
key for the interaction, and hydraulic fractures tend to propagate along weak natural fractures with low
resistance. Fracture strength variability can significantly impact the final fracture networks. Low‐strength
fractures tend to break due to the altered in‐situ stress, forming local clusters. High injection rates and fluid
viscosity result in a large pressure buildup and exaggerate the influential region. Furthermore, we propose a
connectivity metric to quantify the connectivity evolution of multi‐cluster fracture networks formed during the
hydraulic fracturing process. Therefore, the quantitative analysis of sensitivity for influential factors on
connectivity and production is available and discussed. These findings are essential for us to better understand
the subsurface structures and their dynamic evolution under the hydraulic fracturing process.

1. Introduction
Fractures are fundamental subsurface features that introduce significant heterogeneity to geological structures and
play a crucial role in controlling the mechanical and hydrological properties of rock masses (Qi et al., 2004; Zhu
et al., 2021; Zoback & Gorelick, 2012). Characterizing subsurface fracture networks and investigating their
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dynamic evolution under stress disturbances represent critical challenges in geoscience (Gabriel et al., 2024; Zhu,
Khirevich, & Patzek, 2022).

A prominent example of fracture network evolution under stress is hydraulic fracturing, a technique widely
applied in unconventional reservoirs—such as shale gas, shale oil, and coalbed methane—to enhance resource
recovery (Gandossi & Von Estorff, 2013; Marsden et al., 2022; Pruess, 2006). Additionally, hydraulic fracturing
provides valuable insights into the subsurface environment, such as enabling the measurement of in‐situ stress
states (Haimson & Fairhurst, 1969; Lakirouhani et al., 2016; Zoback & Haimson, 1982). Hydraulic fracturing
creates complex, high‐permeability fracture networks in low‐permeability formations, which include both arti-
ficial fractures and reactivated natural fractures (Raterman et al., 2018; Zhu, He, Khirevich, & Patzek, 2022). This
complex fracture network is referred to as the stimulated reservoir volume (H. Chen et al., 2018; Fisher
et al., 2002; Mayerhofer et al., 2010), which is key to evaluating the performance of hydraulic fracturing oper-
ations. Understanding the mechanism of fracture propagation and network development during hydraulic frac-
turing is essential for advancing knowledge of fracture network evolution in subsurface environments. The
insights gained are beneficial not only for various engineering applications but also for understanding environ-
mental and geohazard processes, such as landslides or earthquakes (Gabriel et al., 2024; Qi et al., 2004), as
fractures play a critical role in these phenomena. Consequently, many theoretical, experimental, and numerical
studies have been conducted to deepen our understanding of the hydraulic fracturing process (Bing et al., 2014; Z.
Chen, Jin, & Wang, 2018; Z. Chen, Yang, & Wang, 2018; Chuprakov et al., 2011; Geertsma & De Klerk, 1969;
Khristianovic & Zheltov, 1955; Kolawole & Ispas, 2020; Kumari et al., 2018; Liu et al., 2018; Marder et al., 2015;
Nordgren, 1972; Perkins & Kern, 1961; Taleghani & Olson, 2014).

Analytical models, such as the classic Perkins‐Kern‐Nordgren (PKN) model (Nordgren, 1972; Perkins &
Kern, 1961) and the Kristianovich‐Geertsma‐de Klerk (KGD) model (Geertsma & De Klerk, 1969; Khristianovic
& Zheltov, 1955), and extended analytical models (Marder et al., 2015), usually have significant simplifications
in terms of fracture shapes and propagation process. They are useful for rough estimations in actual engineering
applications, but insufficient for revealing the micro‐mechanisms of hydraulic fracturing, especially when it
comes to the complex interaction between hydraulic and natural fractures.

Lab experiments include the hydraulic fracturing process in natural rocks and artificial rocks. In the natural rocks,
the impact of injection rate, fluid viscosity, and in‐situ stress states can be examined, and the interaction between
hydraulic fractures and the preexisting natural fractures can also be observed (Bing et al., 2014; Kumari
et al., 2018; Liu et al., 2018). However, the natural fractures in rocks cannot be artificially designed, and sys-
tematic analysis of their impact on the hydraulic fracturing process is difficult. In the artificial rocks, pre‐existing
fractures can be well‐designed and embedded in the rock. Olson et al. (2012) used glass slides to mimic natural
fractures, which are embedded in the hydrostone. Furthermore, Bahorich et al. (2012) used sandstone slides,
plaster slides, and glass slides to mimic sealed natural fractures with different strengths. Different interaction
patterns, like bypassing, diverted along the natural fractures, arresting at the natural fractures, and a combination
of bypassing and diversion, are well observed. However, artificial rocks (hydrostone or plaster) are different from
actual rocks, and natural fractures with different cement materials and sealing patterns also exhibit heterogeneous
strengths and form complex fracture networks (S. E. Laubach & Ward, 2006; Ukar & Laubach, 2016), making it
challenging to incorporate those characteristics in the experiments.

Numerical simulations provide a practical approach to investigate fracture network evolution during the hydraulic
fracturing process, considering the interaction between hydraulic fractures and natural fractures. Different nu-
merical schemes are adopted to couple rock deformation and fluid flow to model the hydraulic fracturing process
(Z. Chen & Wang, 2017; Krzaczek et al., 2021; Wang et al., 2024; Wu & Olson, 2016; Zhou et al., 2023). Many
factors are found to affect the propagation of hydraulic fractures when encountering natural fractures, such as the
mechanical properties of the natural fractures, the approaching angle between hydraulic and natural fractures, and
differential stress (Z. Chen, Jin, & Wang, 2018; Z. Chen, Yang, & Wang, 2018; Chuprakov et al., 2011; Kolawole
& Ispas, 2020; Taleghani & Olson, 2014). In Z. Chen, Yang, and Wang (2018)'s work, they concluded that the
bond strength of natural fractures plays an essential role in controlling the interaction mode between hydraulic and
natural fractures, and they provide a critical threshold ratio of 0.67 in homogeneous rocks.

In most numerical studies, pre‐existing natural fractures are significantly simplified. Many works focus on the
interaction between hydraulic fractures and a few natural fractures or regular fracture patterns, such as constant
fracture lengths, uniformly distributed fracture centers, or single‐oriented fracture sets (S. Li et al., 2017; Wang
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et al., 2024; Wu & Olson, 2016; Yaobin et al., 2020; Zeng & Yao, 2016). However, natural fracture networks are
much more complex. From outcrop observations and analyses, natural fracture networks often exhibit clustering
phenomena, their lengths tend to follow a power‐law distribution, and their orientations can be close to a uniform
distribution (Zhu, He, Santoso, et al., 2022). These complexities should be properly accounted for when
describing pre‐existing fracture networks.

The Discrete Fracture Network (DFN) method was proposed to simulate complex subsurface structures with
different statistical distributions describing key geometrical properties of fractures (Zhu, Khirevich, & Pat-
zek, 2022; Lei et al., 2017). It provides an alternative approach to study subsurface structures using a stochastic
method. For instance, Y. Li et al. (2021) incorporated the DFN model into the numerical simulation of hydraulic
fracturing in a naturally fractured reservoir using the Displacement Discontinuity Method (DDM). However, it is
challenging for DDM to investigate the complex fracture initiation and propagation processes. Therefore, a
systematic investigation of the impact of natural fractures, coupled with other factors in the hydraulic fracturing
process, is still lacking—particularly when considering the heterogeneous characteristics of natural fractures and
complex fracture networks.

More importantly, the connectivity of the generated fracture network is essential for assessing the dynamic
evolution of complex subsurface structures, as connectivity is intricately tied to the mechanical and hydrologic
properties of the fracture network. Such investigations are rarely conducted because quantifying the connectivity
of complex fracture networks is challenging, especially for multi‐cluster fracture networks formed during the
hydraulic fracturing process. From laboratory experiments, numerical simulations and field microseismicity
observations, it is evident that local clusters are formed due to the altered in‐situ stress (Liu et al., 2016; Riffault
et al., 2018; Zhu et al., 2023). Traditional methods like percolation theory, connectivity field, geological entropy,
and the ternary diagram and its extensions are not suitable for quantifying connectivity in such complex fracture
networks (Alghalandis et al., 2015; C. Barton & Hsieh, 1989; Berkowitz et al., 2000; Bour & Davy, 1997;
Sanderson & Nixon, 2015; Ye et al., 2021).

Therefore, to systematically investigate the dynamic evolution of fracture networks during the hydraulic frac-
turing process, three key technical issues must be addressed: the generation of a complex pre‐existing natural
fracture network, the incorporation of the pre‐existing natural fracture network into the hydraulic fracturing
simulation, and the quantification of connectivity and its evolution during the hydraulic fracturing process.
Significant research has been conducted by the team, where an efficient DFN software, HATCHFRAC, has been
developed to generate complex discrete fracture networks (Zhu, Khirevich, & Patzek, 2022). A DEM‐LBM
method has been proposed to simulate the hydraulic fracturing process, and the impact of individual factors
has been systematically investigated, including in‐situ stress, injection rate, fluid viscosity, rock strength het-
erogeneity, and permeability (Zhu et al., 2023). Additionally, a novel connectivity metric has been proposed to
quantify the connectivity of complex fracture networks composed of multiple clusters and to investigate con-
nectivity evolution during the fracturing process (Zhu et al., 2024). With all the previous groundwork in place, this
investigation is now possible. Therefore, this study provides a novel investigation of the impact of natural
fractures on the hydraulic fracturing process. Key geometrical features of the pre‐existing fracture networks,
including their orientation with respect to in‐situ stress, position distribution, and heterogeneity of fracture cement
strength, are considered. Furthermore, building on the insights from Zhu et al. (2023), the most influential factors
—such as injection rate and fluid viscosity—are incorporated. The initiation, propagation, and formation of
complex fracture networks are quantified using the newly proposed connectivity metric.

The arrangement of the paper is as follows: Section 2 introduces detailed information about the simulation scheme
and also the novel connectivity metric for complex multi‐cluster systems. Section 3 demonstrates impacts of
natural fracture networks and operational factors on hydraulic fracturing process. Connectivity variations and
flow behavior in the generated fracture network are also included in Section 3. In Section 4, the limitations of the
method and possible improvements of the work are discussed. Section 5 summarizes important conclusions.

2. Materials and Methods
2.1. Simulation of Hydraulic Fracturing Process

The hydraulic fracturing process is a complex hydro‐mechanical process, which requires separate methods to
calculate solid deformation and fluid flow. In this work, we redeveloped an open‐source multi‐physics simulation
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software, MECHSYS, to conduct the hydraulic fracturing simulation (Galindo‐Torres et al., 2012). For the solid
deformation calculation, the software adopted the discrete element method (DEM), which does not require high
mesh quality and complicated treatment for complex boundary conditions like other continuum methods. Rock
masses are treated as an assembly of discrete particles, represented by polyhedrons. Linear contact and bonding
models are implemented to approximate the interactions between particles (Galindo‐Torres et al., 2012). More
detailed information on the DEM‐LBM method is provided in Text S1 in Supporting Information S1.

The criterion of fracture initiation is constrained by a threshold value on the total strain, denoted as ϵth.

|ϵ⃗n| + |ϵ⃗t|≥ ϵth, (1)

where ϵ⃗n and ϵ⃗t are the normal and tangential strain caused by the displacement of adjacent faces. For intact rock
grains, the threshold value is set as 0.01. The threshold value will determine the rock strength considering the
constant elastic modulus and stiffness adopted in this work. A larger threshold value means that the rock can
sustain higher levels of strain and larger stress are required before failure.

Natural fractures are simulated by modifying the strengths of bonds. Fractures are highly permeable at initiation,
while their aperture will be reduced after a long geological history with compressive load and cement refilling (S.
E. Laubach, 2003; Ukar & Laubach, 2016). In addition, the strength of natural fractures with sealing depends on
the cement type (such as calcite or quartz) and shows heterogeneous characteristics. Since the spatial distribution
of cement and sealing patterns is usually unknown, a Weibull distribution is adopted to generate various bond
strengths and mimic the heterogeneous nature of fracture cements (Z. Chen & Wang, 2017; Van Mier et al., 2002).

f (ϵth) =
m
ϵ0
th
(
ϵth
ϵ0
th
)

m− 1

exp(− (
ϵth
ϵ0
th
)

m

), (2)

where ϵ0
th is the average bond strength threshold and is set as 0.005 (half of the intact rock strength) in this work. m

is the shape parameter, describing the heterogeneity degree of the bond strength. An infinitely large m corre-
sponds to a homogeneous strength distribution, while a low value of m indicates a heterogeneous distribution.

To incorporate natural fractures into the DEM scheme, the natural fractures are initially generated as discrete
fracture networks by HatchFrac (Zhu, Khirevich, & Patzek, 2022). The fracture geometries are described by
different statistical distributions. The fracture length follows a power‐law distribution with an exponent of 2.2, as
natural fracture networks typically exhibit exponents ranging between 2 and 3 (Zhu et al., 2018). The orientation of
natural fractures follows a von Mises‐Fisher distribution with a small concentration parameter, κ, indicating a
close‐to‐uniform distribution of orientations, as observed in outcrop maps (Zhu, He, Santoso, et al., 2022). In this
work, we set the concentration parameter κ to 3.7 but consider different mean orientations with respect to the
maximum stress (left‐right direction). Clustering effects, which are common in natural fracture networks, are
described by a fractal spatial density distribution characterized by a fractal dimension,FD. An over‐percolative state
is also considered, where the fracture intensity is much higher than the intensity required to form a spanning fracture
cluster, a phenomenon frequently observed in natural fracture networks (Zhu, Lei, et al., 2022). One example of a
generated DFN is shown in Figure 1c. Detailed information on generating discrete fracture networks with pre-
defined statistical distributions for key fracture geometries is provided in Text S6 in Supporting Information S1.

After generating the discrete fracture networks, we check the intersection between the DFN and all particle bonds.
If a bond intersects with a natural fracture, it becomes a natural fracture segment, and its strength follows the
Weibull strength distribution (Equation 2). By doing so, we embed the natural fracture networks inside the DEM
scheme as shown in Figure 1b. Therefore, pre‐existing natural fractures are represented by particle bonds. To
capture the geometrical details of these fractures, the number of particles should be large enough. In this work, the
calculation domain is 20 cm × 20 cm with a thickness of 1.28 × 10− 3 m, as shown in Figure 1. The system size is
intentionally chosen to be large enough to ensure that a sufficient number of particles can be generated and that
fracture propagation does not reach the boundary. The total number of particles is 12,421 with a uniform size
distribution. During the Delaunay triangulation algorithm used for meshing, we provided a maximum particle
area of 5.0 × 10− 6 m2 as input to ensure a high bond count and small bond sizes, accurately capturing natural
fracture geometries. Four rectangular plates on each side of the domain are added to apply different stresses in the
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horizontal (left‐right, σlr) and vertical (top‐bottom, σtb) directions, as shown in Figure 1a. The horizontal and
vertical plates are each 20 cm long, with a width and height equal to the particle thickness, 1.28 × 10− 3 m. A
constant flow rate is applied at the inlet, and a fixed pressure is assigned on the right side of the domain. All other
boundaries are set as solid.

Detailed input parameters are summarized in Table 1. The stiffness and
modulus are intentionally scaled to increase the time step in the DEM method;
however, the other parameters are also correspondingly scaled based on a
detailed Buckingham analysis in Zhu et al. (2023) and also available in Text
S5 in Supporting Information S1. For example, a stress magnitude of 10 MPa
in the experiment corresponds to 1.68 × 104 Pa in the simulation. In this
work, the stress anisotropy and solid volume fraction, γ, are also kept con-
stant. The stress ratio between the horizontal and vertical stresses, σlr/σtb, is
set to 1.5. γ is set to 0.97. γ is related to the permeability of the rock. The larger
the γ value, the lower the permeability will be. In Zhu et al. (2023), the im-
pacts of individual stress anisotropy or rock permeability on fracture network
complexity are systematically investigated, with different stress ratios and γ
values tested. Stress anisotropy influences the initiation pressure, where a
larger stress value requires a larger initiation pressure. In terms of fracture
geometries, it determines the fracture orientation (perpendicular to the min-
imum stress) but does not affect the complexity in a homogeneous rock mass.

Figure 1. (a) The calculation domain has a length of 0.2 m, a width of 0.2 m, and a thickness of 1.28 mm. A fixed stress ratio, σlr/σtb = 1.5, and a constant solid volume
fraction, γ = 0.97, are chosen. The fluid is injected from the flow inlet at a constant injection rate, and a fixed pressure is applied on the right side of the domain. A preset
fracture is set to mimic the perforation process in reality. All other boundaries are set as solid. (b) Implementation of natural fractures in the discrete element method scheme
(Case 1), where natural fractures are represented by different bonds with strengths following a Weibull distribution. Case 1 has m = 2, indicating strong heterogeneity in
fracture strength. (c) The generated discrete fracture network of Case 1, where the fracture lengths follow a power‐law distribution with an exponent of 2.2. The orientation
follows a von Mises‐Fisher distribution with a mean direction of 0° relative to the maximum stress (left‐right direction) and a concentration degree of κ = 3.7. The position
follows a fractal spatial density distribution with FD = 1.7, exhibiting clustering effects. The rose diagram shows the orientation distribution with the mean direction
denoted.

Table 1
Input Parameters for the DEM‐LBM Simulation

Parameter Value

Normal contact stiffness, Kn 1.0 × 106 N/m

Tangential contact stiffness, Kt 1.0 × 106 N/m

Normal elastic modulus, Bn 2.0 × 106 [Pa]

Tangential elastic modulus, Bt 4.2 × 106 [Pa]

Matrix bond strength, ϵth 0.01 [− ]

Fluid density, ρ∗
f 1.0 × 103 [kg/m3]

Lattice size in LBM, δ∗
x 1.0 × 10− 4 [m]

Time step in DEM/LBM, δ∗
t 1.0 × 10− 6 [s]

Solid volume fraction, γ 0.97 [− ]

Stress anisotropy, (σlr/σtb) 1.5 [− ]
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γ values also influence the initiation pressure, with a larger γ, indicating lower‐permeability rocks, requiring a
larger initiation pressure. However, γ does not significantly change the fracture geometry but affects the pressure
propagation in the neighboring region. In this work, we intend to investigate the hydraulic fracturing process,
which is usually implemented for low‐permeable reservoirs; therefore, a large γ value is chosen.

For the fluid flow simulation, MECHSYS adopted the lattice Boltzmann method (LBM), which offers several
advantages, including simple calculation procedures, convenient implementation of parallel computation, and
straightforward treatment of complex geometries. Additionally, the LBM method can solve the Navier‐Stokes
equations through the Chapman‐Enskog theory, which overcomes possible inaccuracies caused by the lubrica-
tion flow assumption. In this work, considering accuracy and computational efficiency, a D3Q15 model is
adopted in the LBM scheme, and the corresponding evolution equation is:

fi (x⃗ + ei→δt, t + δt) = fi (x⃗, t) −
δt
τ
( fi (x⃗, t) − f eqi (x⃗, t)), i = 0,1,2… 14, (3)

where fi and f eqi are the density distribution function and the corresponding equilibrium distribution in the ith
discrete velocity direction, ei→, δt is the time step adopted in the simulation, and τ is the relaxation time. The lattice
size of the LBM is important, as it directly determines the computational complexity of the whole scheme.
However, the lattice size should be small enough to capture the generated fractures and keep the scheme stable,
with the relaxation time τ in LBM larger than 0.5. In this work, the relaxation time is set to 0.53 with the chosen
lattice size and time step, ensuring the stability of the method.

An immersed boundary method is applied to incorporate the fluid‐solid interactions (Z. Chen & Wang, 2017;
Noble & Torczynski, 1998). Detailed information on the DEM‐LBM coupling method and its validation are
summarized in Text S2–S4 in Supporting Information S1 and are also available in previous works (Z. Chen &
Wang, 2017; Z. Chen, Elsworth, & Wang, 2020; Z. Chen & Wang, 2020; Zhu et al., 2023).

2.2. Connectivity Metric and Influential Factors

In this study, we adopt a straightforward yet powerful metric, Ct, for assessing the connectivity of natural fracture
networks made up of multiple clusters (Zhu et al., 2024).

Ct =∑
n

i=0
(
kmμw
kf μ

)(1 −
di

dmax
)

⏟̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟
Interaction term

× (
li

ltotal
)Ci

⏟⏞⏞⏟
Individual term

(4)

Here n is the number of fracture clusters; km and kf are the matrix and fracture permeabilities, respectively; μ and
μw are the viscosities of formation fluid at reservoir conditions and water at standard conditions, respectively; di
represents the shortest distance in the matrix from cluster i to the central cluster; dmax is the diagonal length of the
bounding box that encloses all fractures in the considered fracture system; li denotes the total length of fractures in
cluster i; ltotal is the total length of all fractures in the system; and Ci is the connectivity metric of cluster i. The
parameters kf , μw, and dmax normalize the respective variables.

In this work, we focus more on the dynamic evolution of fracture networks and their connectivity, rather than the
specific seepage process inside the fracture networks. Therefore, the coefficients related to permeability and fluid
viscosity are standardized to 1 for the connectivity calculation. The primary hydraulic fracture is selected as the
central cluster, referring to the fracture cluster initiated at the perforation site. To determine the shortest distance
through the matrix using intermediate clusters, the fracture system is transformed into a connected graph, where
each cluster is regarded as a node, and the shortest distance between clusters is assigned as the distance between
nodes. The Dijkstra algorithm (Cormen et al., 2022) is applied to find the shortest paths between any arbitrary
cluster and the central cluster. For an individual term, Ci can represent any connectivity metric for cluster i. In this
study, we adopt the average number of links per branch as the connectivity metric (Sanderson & Nixon, 2015),
which is sufficient since variable fracture apertures are excluded from the subsequent analysis of the fracture
networks.
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Ci =
3 × NT + 4 × NX

NB
, (5)

where NT , NX , and NB refer to the numbers of T‐type, X‐type nodes and branches. NB is calculated with
1/2(NI + 3NT + 4NX) and NI is the number of I‐type nodes.

As a result, Ct is a dimensionless number between 0 and 2.0, with a larger value indicating better connectivity.
Detailed information on the calculation of Ct is summarized in Text S7 in Supporting Information S1. More
detailed information on total connectivity and the influential factors, including fracture sealing, central cluster
selection, and cluster linkages, is systematically investigated in the previous research work (Zhu et al., 2024).

The hydraulic fracturing process is complex and influenced by many factors, such as in‐situ stress anisotropy,
injection rate, fluid viscosity, rock permeability, and rock strength heterogeneity. It is extremely expensive to
traverse all influential factors with the DEM‐LBM scheme. The impact of individual factors on the hydraulic
fracturing process is systematically investigated in Zhu et al. (2023), where injection rate and heterogeneity of the
rock mass are identified as the most important influential factors on the complexity of generated fracture net-
works. The other factors do have an impact on the initiation of fractures, but they do not significantly change the
final fracture geometries. Among these factors, the injection rate and fluid viscosity are operational parameters
that can be adjusted artificially. Hence, this study considers various fluid viscosities and injection rates. The
remaining factors represent intrinsic formation or rock characteristics, which vary depending on the specific
engineering site, and typical constant values are assigned to these factors. The in‐situ stress has a fixed ratio of 1.5.
Rock permeability is characterized by the solid volume fraction and set to 0.97, indicating low permeability for
the rock matrix. Rock strength heterogeneity is not separately considered since we account for the strength
heterogeneity of natural fractures.

In total, we consider five influential factors in the hydraulic fracturing process: three factors related to preexisting
natural fractures, including the mean orientation toward the maximum stress (μ), the fractal dimension for the
clustering effect (FD), and the heterogeneity degree (m) for the fracture strengths; and two factors related to the
operational scheme, injection rate, and fluid viscosity. In practice, slickwater is usually chosen as the fracturing
fluid (Barati & Liang, 2014); therefore, we use two levels of fluid viscosity at low values for consideration. The
other four factors are considered at three levels. To ensure computational affordability, we conduct a Taguchi
Design with 18 cases. The considered parameters are summarized in Table 2, and the detailed design results are
shown in Table 3.

3. Results
3.1. Fracture Initiation and Propagation Behavior

The pore pressure at the recording point for 18 cases is shown in Figure 2. Different conditions lead to different
initiation pressures, and we have summarized the cases into three categories considering low, intermediate, and
high initiation pressures, indicated by different colors for better illustration. Cases with low initiation pressures
include cases 1, 2, 5, 6, 7, 8, and 9; intermediate pressures include cases 3, 10, 11, 14, 17, and 18; high pressures
include cases 4, 12, 13, 15, and 16. Comparing different input parameters for cases in Table 3, it shows that
injection rate and viscosity are important and control the initiation pressure. A correlation analysis between these
factors and initiation pressure yields correlation coefficients of 0.44 and 0.51. Therefore, they are positively

Table 2
Influential Factors in the Hydraulic Fracturing Process

Factor Low Intermediate High Definition

μ & κ μ = 0,κ = 3.7 μ = π/6,κ = 3.7 μ = π/3,κ = 3.7 μ is the mean orientation with respect to the maximum stress and κ is the concentration degree

FD 1.7 1.9 2.0 The fractal dimension in a fractal spatial density distribution

m 2 5 10 Heterogeneity degree of the fracture strength

u 0.2 0.3 0.5 Injection rate, unit [m/s]

ν 1 5 – Fluid viscosity, unit [10− 4m2/s]

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029487
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correlated with the initial pressure; a higher injection rate and larger fluid
viscosity lead to a higher initiation pressure, which aligns with the conclu-
sions of prior researches (Duan et al., 2018; Morgan et al., 2017; Zhu
et al., 2023). Heterogeneity of rock strength should also impact the initiation
pressure. However, the correlation is 0.06 for 18 cases, indicating that
strength heterogeneity is almost irrelevant unless natural fractures intersect
bonds at the inlet.

The variations in injection pressure can be attributed to several factors, with
three key ones highlighted here. The first factor is the interplay between the
injected fluid volume, the newly generated fracture volumes, and fluid
leakage into the formation. When the injection rate exceeds and the newly
generated fracture volumes and leakage volume, the injection pressure tends
to rise, as seen in Cases 4 and 13, where high injection rates result in sig-
nificant pressure increases after fracture initiation. The second factor involves
the presence of strong bonds encountered during fracture propagation. Higher
pressures are required to break stronger bonds, or overcome larger in‐situ
stresses to alter propagation direction. This phenomenon is frequently
observed in laboratory experiments (Bahorich et al., 2012; Dehghan, 2020)
and leads to irregular variations in injection pressure for all cases in this study
due to non‐homogeneous bond strength. In Case 15, which has a high degree
of heterogeneity and moderate injection rate, a notable pressure increase
occurs after 0.02 s. As shown in Figure 3, fracture propagation in Case 15,
occurring from 0.0285 to 0.0435 s, does not exhibit significant changes, as the
primary fracture cluster experiences limited growth. The third factor is the
development of complex fracture networks, particularly the linkage between
different clusters, which can cause a sharp reduction in injection pressure. For

Table 3
Taguchi Design for Five Factors in the Hydraulic Fracturing Process

No. μ FD m u ν

1 0 1.7 2 0.2 1

2 0 1.9 5 0.3 1

3 0 2.0 10 0.5 1

4 π/6 1.7 5 0.5 1

5 π/6 1.9 10 0.2 1

6 π/6 2.0 2 0.3 1

7 π/3 1.7 10 0.3 1

8 π/3 1.9 2 0.5 1

9 π/3 2.0 5 0.2 1

10 0 1.7 2 0.2 5

11 0 1.9 5 0.3 5

12 0 2.0 10 0.5 5

13 π/6 1.7 5 0.5 5

14 π/6 1.9 10 0.2 5

15 π/6 2.0 2 0.3 5

16 π/3 1.7 10 0.3 5

17 π/3 1.9 2 0.5 5

18 π/3 2.0 5 0.2 5

Note. The definition of each factor is shown in Table 2.

Figure 2. The pore pressure evolution at the recording point for 18 cases. The red, green, and blue colors represent three
categories based on initiation pressure: low, intermediate, and high initiation pressures.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029487
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instance, in Case 14, after 0.091 s, the injection pressure decreases sharply when the primary fracture cluster
connects with a local cluster. The fracture propagation in Case 14, shown from 0.0915 to 0.1020 s in Figures 3c
and 3d, illustrates the impact of cluster linkage. In general, these pressure variations result from a combination of
multiple factors, with each factor potentially dominating the process under specific conditions.

The fracture propagation in Case 1 and Case 3 are shown in Figures 4 and 6 as examples. Case 1 has severe
heterogeneity in the natural fracture strength and a low injection rate, while Case 3 has much more homogeneous
fracture strength and a high injection rate. The fracture networks generated in these two cases are significantly
different and representative for analysis. Both cases have natural fractures distributed in the neighborhood of the
inlet. The primary hydraulic fracture initiated in the natural fracture bonds and tends to propagate in the direction
perpendicular to the minimum principal stress (left to right). Both tensile and shear fractures are generated in the
hydraulic fracturing process. The actual stress states of rock masses can be complex, involving a mix of stress
components, so fractures can also have mixed shear and tensile strain components. In this work, a shear fracture is
defined as the broken bond with a larger shear strain than the tensile strain. Similarly, a tensile fracture occurs
when the tensile strain surpasses the shear strain in the broken bond. Similar classification is adopted by many
researchers (Z. Chen & Wang, 2017; Shimizu et al., 2011).

The tensile fractures mainly exist in the primary hydraulic fracture as shown in Figures 4d and 6c. Shear fractures
usually dominate in the final fracture networks, and they occur not only in the primary hydraulic fracture but also
mostly in the isolated local clusters as shown in Figures 4d, 6c, and 6d. Those isolated local clusters are
disconnected from the primary hydraulic fracture and form a multi‐cluster fracture network. The proportion of the
shear fractures in the final fracture networks is summarized in Table 4. In heterogeneous cases, most fractures
generated are shear fractures instead of tensile fractures, especially for the local fracture clusters. Those local
clusters are mainly due to pre‐existing fractures with low strength and altered in‐situ stress therein, which have
also been observed by many other researchers (Taleghani & Olson, 2014; Wang et al., 2024; Zhu et al., 2023).
Most cases have shear fractures more than 70%, except for cases 5 and 14, where only 55% and 64% of fractures

Figure 3. Upper panel: In Case 15, fracture propagation occurs between 0.0285 s (a) and 0.0435 s (b). Minimal changes are
observed, as the primary fracture cluster shows limited growth due to strong surrounding bonds, which would require higher
injection pressures to break. Lower panel: In Case 14, fracture propagation from 0.0915 s (c) to 0.1020 s (d) shows local
clusters connecting with the primary fracture cluster, leading to a decrease in injection pressure. The background illustrates
the fluid pressure distribution.
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are shear fractures, respectively. Both Cases 5 and 14 have much homogeneous strength distribution and a small
injection rate.

In Case 1, with strong heterogeneities (m = 2), many extremely weak bonds exist in the system. These bonds
break at simulation onset due to imposed in‐situ stress, irrespective of injected pressure, as shown in Figure 4a. In
reality, sealed natural fractures can be reactivated under the current in‐situ stress and provide hydraulic responses,
as observed in C. A. Barton et al. (1995)'s work. Besides reactivated natural fractures, the sealing patterns of
natural fractures can be complex, such as thin rinds, veneers, or bridge structures depending on the chemistry of
reservoir fluids, fluid pressure, and temperature (S. Laubach et al., 2004). Therefore, natural fracture networks can
be partially sealed with open segments. Those initially open fractures can also serve as nuclei for natural fracture
growth.

With increasing pore pressure in the primary hydraulic fracture and pressure propagation to neighboring regions,
the local stresses close to the primary hydraulic fractures are altered. Figures 5 and 7 show the shear force dis-
tribution for Case 1 and 3 at different time steps. It is obvious that the shear force in the neighboring regions
around the primary hydraulic fractures increases, which causes sealed natural fractures to be reactivated, espe-
cially those with low strength as shown in Figures 4b–4d. There are some boundary effects at corners introduced
by the implementation of remote stresses. The shear force at the corner does not change much if the stress
disturbance from the primary hydraulic fracture is not significant, as shown in Figure 5. The magnitude and
orientation do not change much during the hydraulic fracturing process. However, if the influence from the

Figure 4. Fracture propagation at different times in Case 1. When strong bonds are encountered along the fracture propagation path, as shown in the zoomed figure in (c),
higher injection pressure is required to break the bonds and continue propagation. The fracture types in the zoomed region are shown in (d1), where each fracture
segment is marked with squares for tensile fractures and circles for shear fractures, while the color gradient from red to blue indicates decreasing fracture strength.
Tensile fractures are mainly generated in the primary hydraulic fracture cluster, which has higher strength, while many shear fractures occur in both the primary
hydraulic fracture cluster and local clusters.
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ZHU ET AL. 10 of 22

 21699356, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

029487 by <
Shibboleth>

-m
em

ber@
iggcas.ac.cn, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



primary hydraulic fracture has reached the corner region, there will be a superposition effect on the stress, as
shown in Figures 7c and 7d. The shear force at the right‐bottom corner has significantly increased and caused
many weak bonds close to the corner to reactivate and form relatively large local clusters. Although the boundary
effect is artificially caused by the implementation of boundary plates, it can represent possible heterogeneous in‐
situ stress distribution in reality. For example, the stress distribution close to a large natural fault. The super-
position of stress can be significant and reactivate the sealed fractures, especially for those fractures with weak
cements.

The interaction between hydraulic fractures depends largely on fracture strength and approaching orientations (Z.
Chen, Yang, & Wang, 2018). However, in this study, a fracture comprises many segments (particle bonds) with
varying orientations, complicating the decoupling of fracture orientation and strength impacts. Observations of
fracture propagation indicate a tendency to propagate along weak bonds, halted by strong bonds. In Figures 4c and
4d, the primary hydraulic fracture stops propagating after 0.1245 s because the front is surrounded by strong
bonds. The injection rate of Case 1 is small, which cannot provide enough pore pressure to break the strong bonds
as shown in Figure 2. The hydraulic fracturing process is almost stopped with a few weak bonds reactivated, and
the shear force distribution remains almost unchanged as observed in Figures 5c and 5d. Even if the fracture front
is surrounded by strong bonds, but the pore pressure is large enough, it is possible for the hydraulic fracture to
penetrate the strong bonds and continue to propagate in the original direction, as observed in Figures 6b and 6c. As
observed in Figure 2, the pore pressure at the recorded point in Case 3 continues to increase after 0.0375 s, and it
becomes large enough to break strong bonds after accumulation.

The existence of natural fractures and their diverse strengths are pivotal for the propagation of primary hydraulic
fractures and the reactivation of preexisting natural fractures, thus influencing the final generated fracture net-
works. Heterogeneous cases tend to form much more complex fracture networks with many local clusters, while
homogeneous cases tend to have simpler fracture networks dominated by the primary hydraulic fracture.

3.2. Connectivity Evolution and Flow Behavior

The generated fracture network from the hydraulic fracturing process is typically a multi‐cluster system. Many
local clusters are generated due to the altered in‐situ stress caused by the injected high‐pressure fluid as observed
in previous section. Therefore, the connectivity defined in Equation 4 is used to quantify the connectivity of
fracture networks at different time steps. The total connectivity can be further decomposed into two parts. One is

Figure 5. Shear force evolution at different times in Case 1 with severe heterogeneity in strength, in units of N. Numerous
extremely weak bonds are present in the system at time zero (a). The shear force in regions surrounding the primary hydraulic
fractures increases, as shown in (b)–(d).
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the contribution from the largest cluster, and the second one is from the local clusters. In the hydraulic fracture
process, the largest cluster is usually the cluster where the primary hydraulic fracture belongs.

In Figure 8, the total connectivity of the entire fracture network and the largest cluster are shown in subfigures (a)
and (b), respectively. The total length of generated fracture networks and the largest cluster are shown in sub-
figures (c) and (d). In addition, we also show the contribution from the largest cluster to the total connectivity and
length in subfigures (e) and (f). For all cases, the length of the total fracture networks and the largest cluster
increases with increasing time as expected.

The total connectivity usually exhibits an increasing trend in most cases, attributed to the increase in connectivity
from both the largest clusters and local clusters. In Table 4, we also show the maximum connectivity of each case
during the hydraulic fracturing process, as well as the connectivity at t = 0.135, where we stop recording data.
The maximum connectivity is 1.82 in Case 12, where the largest cluster contributed to 94.8% of the total con-
nectivity. However, with fracture propagation and the formation of local clusters, the overall connectivity can also
decrease, resulting in half of the cases having smaller connectivity at the end. For example, Cases 3, 12, and 18
show obvious decreases after the connectivity reaches its maximum value. In Figure 8b and Table 4, the con-
nectivity of the largest cluster also experiences a non‐monotonic increase during the process; 14 out of 18 cases
have smaller connectivity at the end, including Case 3, 12 and 18. The formation of local clusters typically
decreases the connectivity of the largest cluster because it reduces the length coefficient in the individual term

Figure 6. Fracture propagation at different times in Case 3 with weak heterogeneity in strength. The fracture propagates by enlarging the primary hydraulic fracture
cluster, with few local fractures generated. Tensile fractures are mainly formed in the primary hydraulic fracture clusters, as shown in the zoomed figure (c1). When the
influence from the primary hydraulic fracture reaches the corner region, it leads to a superposition effect on the stress, causing low‐strength bonds to break in shear and
forming local clusters, as shown in the zoomed figures (d1) and (d2).

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029487
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Table 4
Connectivity and Shear Proportions Summary

Case Shear proportion Ct(Max) (entire) Ct(End) (entire) Ct(Max) (largest) Ct(End) (largest) Proportion (Max) (%) Proportion (End) (%)

1 0.91 1.030 1.030 0.080 0.079 7.8 7.8

2 0.79 1.222 1.207 0.518 0.478 42.4 39.6

3 0.82 1.221 1.101 0.974 0.390 79.8 35.4

4 0.89 1.435 1.435 0.580 0.369 40.4 25.7

5 0.55 1.131 1.125 0.875 0.769 77.3 68.4

6 0.92 1.086 1.086 0.105 0.092 9.6 8.4

7 0.71 1.473 1.473 1.277 1.277 86.6 86.6

8 0.93 1.207 1.207 0.295 0.295 24.5 24.5

9 0.76 1.214 1.197 0.643 0.611 53.0 51.0

10 0.96 1.215 1.215 0.281 0.281 23.1 23.1

11 0.95 1.495 1.495 1.022 0.997 68.3 66.6

12 0.93 1.821 1.719 1.727 1.516 94.8 88.2

13 0.96 1.723 1.719 1.516 1.516 88.0 88.2

14 0.64 1.533 1.504 1.356 1.300 88.5 86.5

15 0.95 1.249 1.249 0.250 0.223 20.0 17.8

16 0.90 1.727 1.704 1.585 1.548 91.8 90.8

17 0.96 1.476 1.476 0.869 0.862 58.9 58.4

18 0.92 1.468 1.372 1.159 0.905 78.9 66.0

Note. “Entire” refers to the fracture network composed of all clusters; “Largest” refers to the largest cluster; “Ct(Max)” refers to the maximum connectivity value during
the hydraulic fracturing process; “Ct(End)” refers to the connectivity at t = 0.135 s; and “Proportion” refers to the ratio of the connectivity of the largest cluster to the
entire fracture network.

Figure 7. Shear force evolution at different times in Case 3 with weak heterogeneity in strength, in units of N. The shear force
in regions surrounding the primary hydraulic fractures increases, as shown in (b)–(d). The influence from the primary
hydraulic fracture has reached the corner region, leading to a superposition effect on the stress, as shown in (c) and (d).
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(llargest/ ltotal) . ltotal increases with the formation of local clusters, while the increase in llargest is insignificant.
Additionally, all three cases have a relatively homogeneous strength distribution; therefore, the propagation of
hydraulic fractures will not yield complex geometries with many T‐type or X‐type intersections. Consequently,
the individual connectivity metric will not increase significantly. Although the formation of local clusters can

Figure 8. (a) Variations of total connectivity (b) Variations of connectivity contributed from the largest cluster (c) Variations
of the total length of generated fractures (d) Variations of the total length of the fractures in the largest cluster (e) Proportion
of connectivity contribution from the largest cluster (f) Proportion of total length contribution from the largest cluster.
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increase connectivity by boosting contributions from the local clusters, the increase from the local clusters cannot
balance the decrease from the largest cluster, leading to an overall decrease in connectivity.

In Figure 8e, the proportions of connectivity contributed by the largest cluster and the total connectivity are
demonstrated. The contribution from the largest cluster varies from case to case. Cases 1, 6, 8, 10, and 15 have a
contribution from the largest cluster of less than 25%. The common characteristic for these cases is severe het-
erogeneity in fracture strengths. Therefore, in these heterogeneous cases, connectivity is mainly contributed by
the local clusters, and the cluster formed by the primary hydraulic fractures only contributes a small proportion.
The corresponding total length contribution is also similar, as shown in Figure 8f, where the fracture length in the
largest cluster also contributes less than 20% of the total fracture length.

For cases 7, 13, 14 and 16, the contribution from the largest cluster to the total connectivity is almost larger than
80%. The common characteristic is that the heterogeneity degree is small in these cases. The final fracture net-
works are usually simple with fewer local clusters, and the primary hydraulic fractures compose the main part of
the entire fracture networks. The largest cluster also contributes to the majority of fracture length, as shown in
Figure 8f, where all these cases contribute to more than 80% of the fracture network. Comparing Figures 8e and
8f, similar variations are observed in the proportional contribution from the largest cluster to the total connectivity
and total length, indicating a strong positive correlation between these two variables.

Case 12 exhibits the largest total connectivity, characterized by weak fracture strength variability, a large in-
jection rate, and high viscosity. Conversely, Case 1 has the smallest total connectivity, featuring strong fracture
strength variability, a small injection rate, and low viscosity. It's noteworthy that the case with the highest
connectivity does not necessarily have the largest fracture length. For instance, Case 17 has the largest total
length, while Case 5 has the minimum length. Case 5 is distinguished by a small injection rate, a more homo-
geneous distribution of fracture strengths, and low viscosity, whereas Case 17 has a large injection rate, high fluid
viscosity, and severe fracture strength variability. The final fracture networks in Cases 12, 1, 17, and 5 are
illustrated in Figure 9. Heterogeneity can contribute to generating complex fracture networks with multiple
clusters, as depicted in Figure 9a, but it may not necessarily enhance overall connectivity. Fluid viscosity and
injection rate play crucial roles in facilitating fluid pressure propagation to farther regions during the hydraulic
fracturing process. In heterogeneous cases like Case 17, high fluid viscosity and a large injection rate facilitate the
generation of more local clusters, whereas in homogeneous cases like Case 12, they help enlarge the cluster to
which the primary cluster belongs.

To better illustrate the impact of the generated fracture network on fluid production in reality, a water‐gas flow
simulation is conducted to mimic the shale gas exploitation process. The final fracture networks in each case are
embedded for the simulation, which is conducted in a reservoir simulation software, UNCONG (X. Li et al., 2015).
A horizontal well is drilled at the left boundary. The permeability ratio between fracture and matrix is 105 to mimic a
low‐permeable reservoir. The simulation parameters are consistent with those chosen in Zhu, He, Li, et al. (2022).

The gas pressure distributions for Cases 1, 12, 5, and 17 are displayed in Figure 10. The simulation runs for 8 days
before the pressure propagates to the boundary for better illustration. Following 8 days of production, the pro-
duction ranking for the four cases is: Case 5 < Case 1 < Case 12 < Case 17. Analysis of the pressure distribution
reveals that the pressure in the fractures connected to the production well can rapidly decrease due to the high
permeability therein. However, isolated fracture clusters cannot contribute significantly to production due to the
high resistance in the matrix. Similar results are observed in the study by Riffault et al. (2018), where they found
that the microseismic cloud can be substantially larger than the associated stimulated fracture volume. These
isolated fractures may be recorded as microseismic events but might not contribute to permeability enhancement
or production increase for the production well. However, from a long‐term perspective, local clusters can shorten
the flow path in the low‐permeable matrix, which can reduce the total resistance and contribute to production
slowly.

To further demonstrate the relationship between connectivity and production, a correlation analysis was con-
ducted. The correlation coefficient between connectivity and production is 0.60, indicating a positive correlation
between these two variables, but obviously they are not equivalent. The correlation coefficient between total
fracture length and production is 0.59, while the correlation coefficient between the length of the largest cluster
and flow results is 0.77. This suggests that fluid production is primarily controlled by the largest cluster.
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Additionally, correlation coefficients between different factors and total connectivity Ct and fluid production are
depicted in Figure 11. The results show that the mean orientation μ has a positive correlation with the total
connectivity and negligible correlation with fluid production. The correlation coefficients are 0.32 and 0.05,
respectively. A larger mean orientation μ indicates the natural fracture orientation is closer to the direction
perpendicular to the maximum principal stress. The primary horizontal fractures tend to propagate perpendicular
to the minimum principal stress. Therefore, the primary hydraulic fractures and the natural fractures tend to form
an approximately orthogonal fracture network, like Case 17 in Figure 9d. Compared with fracture networks
having a small orientation, like Case 12 in Figure 9b, orthogonal fracture networks tend to influence a much larger
area and yield better total connectivity. However, it is also important to note that fractures oriented perpendicular
to the maximum principal stress tend to remain in a mechanically stable state. They can break when the bond
strength is significantly lower than the matrix. The fluid viscosity and injection rate have positive correlations
with the total connectivity and production. The correlation coefficients between viscosity and connectivity, and
between viscosity and production, are 0.64 and 0.65, respectively. For injection rate, the correlation coefficients
are 0.29 and 0.61. Higher injection rate and viscosity can build up larger hydraulic pressure and cause more
natural fracture breakage, forming much more complex fracture networks. Therefore, it is evident that they will
have a positive correlation with connectivity and production.

The clustering effect parameter FD has a negative correlation with both Ct and production (correlation coefficients
of − 0.38 and − 0.11), respectively, indicating that the clustering effect can enhance the connectivity of the system
and also contribute to the final production. The heterogeneity parameter m has a positive correlation with Ct
(correlation coefficient of 0.33) but a negligible (slightly negative, with a correlation coefficient of − 0.15)
correlation with production. As shown in Figure 8a, Case 12 has the largest total connectivity while it has weak
heterogeneity, high injection rates and viscosity. Higher heterogeneity leads to a more diverse distribution of
fracture strengths, with weak bonds easily reactivated during the hydraulic fracturing process, forming local

Figure 9. Final fracture networks generated in Cases 1, 12, 5, and 17, where Case 1 has the smallest connectivity, Case 12 has the largest connectivity, Case 5 has the
shortest total fracture length, and Case 17 has the longest total fracture length.
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clusters. Although local clusters contribute to total connectivity, they also suppress the contribution from the
largest cluster. In homogeneous cases, the fracture network is dominated by the largest cluster, and higher in-
jection rates and viscosity tend to enlarge the largest cluster instead of forming more local clusters. Therefore,
homogeneous fracture strength can help increase connectivity, especially when combined with high injection
rates and viscosity. Regarding production, heterogeneous cases may cause many weak bonds to break, yielding a
much larger total fracture length. If reactivated natural fractures directly or indirectly connect to the production
well, they significantly contribute to production. However, if they remain disconnected from the production well,
local clusters cannot contribute much to production due to high flow resistance in the matrix. Competition be-
tween these two mechanisms causes heterogeneity to have a negligible or even slightly negative impact on
production.

4. Discussion
In this work, we improved the DEM‐LBM scheme to incorporate natural fractures, which better characterize the
complex subsurface structures. Essential properties of the fracture networks, including fracture orientation, po-
sition distribution, and heterogeneous strength distribution, are considered. Additionally, operational parameters
including injection rate and viscosity are taken into account. The dynamic evolution of subsurface structures
under the coupled influences of factors is systematically investigated.

Natural fractures indeed bring much complexity and are essential for the propagation of hydraulic fractures. The
heterogeneity of fracture strength determines the final fracture networks, with low‐strength fractures breaking due
to the altered in‐situ stress and forming local clusters. Here, low‐strength fractures refer to fractures with lower
mechanical strength compared to the rock matrix and they have less resistance to shear or tensile failure. High
injection rates and fluid viscosity result in a large pressure buildup and exaggerate the influential region. Besides
the factors considered in this work, in‐situ stresses and rock permeability are also important factors for hydraulic

Figure 10. Pressure distribution in Case 1, 12, 5, 17 after 8 days of production. The water‐gas flow simulation is conducted in a reservoir simulation software, UNCONG
(X. Li et al., 2015). A horizontal well is drilled at the left boundary. The permeability ratio between fracture and matrix is 105 to mimic a low‐permeable reservoir.
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fracturing, but they are intrinsic formation parameters depending on the specific engineering field. A systematic
investigation with various in‐situ stresses and rock permeability is possible but computationally expensive.

Although the DEM‐LBM scheme demonstrates strong adaptability in capturing key features during the hydraulic
fracturing process, it has significant shortcomings, primarily due to its high computational intensity. The LBM
method requires fine lattices to accurately capture the flow paths after the fracture generation, while the DEM
method necessitates small time steps for convergence. In this work, the time step chosen is 1.0 × 10− 6 seconds.
Additionally, incorporating natural fracture networks demands a sufficiently large domain. Consequently, the
computational time using the DEM‐LBM scheme is substantial; we used 56 cores for parallel computing, and it
required more than 15 days to run one case. Since actual rock masses are always three‐dimensional, significant
algorithmic optimization in terms of parallelization is necessary, along with considerably more computational
resources.

In this work, we focus on particle interactions and local failure mechanisms, where DEM proves to be a suitable
option. Additionally, we simulated brittle rock and its elastic behaviors. However, it is challenging to capture the
elastic‐plastic behavior of ductile rocks under certain loading conditions, such as high confining pressures where
the material exhibits more ductile behavior. Therefore, for large‐scale simulations or when ductile or plastic
behavior dominates, other methods like FEM or continuum models may be more appropriate. In addition, to

Figure 11. Correlation coefficients between different factors and the total connectivity Ct (a) and fluid production (b).
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simulate the hydraulic fracturing process in geothermal reservoirs, the thermal impact must be included, resulting
in a hydro‐thermal‐mechanical coupling process (Z. Chen, Jin, & Wang, 2018; Z. Chen, Shu, et al., 2020), which
could be the focus of future research.

The DEM‐LBM coupled method is powerful for investigating the detailed fracture initiation and propagation
process. However, all fracture formation and reactivation are represented by bond breakage between particles,
and the breakage of particles is not possible in this scheme. However, particle breakage is usually observed in
hydraulic fracturing with highly viscous fluid. In practical operations, low viscosity fluid is usually used for
hydraulic fracturing due to its better injectivity. With the observations in this work, higher viscosity can also help
to have greater pressure buildup and help to reactivate more natural fractures. Therefore, appropriate fluid vis-
cosity is important for success in hydraulic fracturing operations.

The connectivity metric considered in this work is powerful for quantifying the connectivity of complex fracture
networks composed of multiple clusters. In the calculation process shown in Equation 4, a central cluster should
be selected to calculate the relative distance between clusters. However, if we calculate an average over all
clusters, it eliminates dependence on the selection of the central cluster, ensuring a more robust and unbiased
evaluation of network connectivity (Zhu et al., 2024). In this work, the central cluster is intentionally preserved,
and the largest cluster where the primary fracture belongs is selected as the central cluster because the impact of
the largest cluster is the main component of the final fracture networks and contributes much to the final pro-
duction. The analysis in this work indicates that heterogeneous strengths can help increase total fracture length by
activating more local clusters, while it may not help much with production due to the high resistance of the matrix.
However, cases with many local clusters also have much potential to form larger and more connected fracture
networks with continued injection of high‐pressure fluid, but it may take longer operational time to achieve a
successful fracturing outcome.

5. Conclusions
In this work, complex subsurface structures are characterized by discrete fracture networks, and their dynamic
evolution, including fracture initiation, propagation, and connectivity variations during the hydraulic fracturing
process, is systematically investigated. In particular, the impact of fracture orientations, position distributions, and
strength variability, as well as injection rate and fluid viscosity, are considered. Several key conclusions are
summarized below:

• Interactions between hydraulic fractures and natural fractures are important for hydraulic fracture propagation
and final fracture networks. Fracture strength is a key factor for the interaction, and hydraulic fractures tend to
propagate along natural fractures with low strength.

• Fracture strength variability can significantly impact the final fracture networks. Fractures with low strength
will break due to altered in‐situ stress and form local clusters. High injection rates and fluid viscosity result in a
large pressure buildup, exaggerating the influential region and causing more low‐strength fractures to break,
mainly in shear failure mode. In cases with heterogeneous strength, shear fractures can account for more
than 70%.

• A multi‐cluster system is usually formed during the hydraulic fracturing process, and its connectivity can be
well quantified using the proposed connectivity metric, Ct. This metric accounts for contributions from both
the largest cluster and local clusters. In 11 out of the 18 considered cases, the largest cluster contributes more
than 50% of the total connectivity. Fracture strength variability can lead to multiple local clusters but may not
significantly enhance total connectivity. A large injection rate and high viscosity, combined with low strength
variability, result in maximum connectivity in Case 12.

• Fluid production and connectivity are positively correlated, though not equivalent. In low‐permeability res-
ervoirs, production is primarily determined by the total fracture length connected to the production well.
Fracture clusters connected to the production wells can contribute immediately, while local clusters may
enhance production over the long term.

• Injection rate, fluid viscosity, fracture orientation, and clustering effects have consistent positive correlations
with total connectivity and fluid production. Heterogeneity exhibits a weak positive correlation with fluid
production, while it has a moderate negative correlation with total connectivity.
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Data Availability Statement
The numerical simulation utilized in this study relies on the freely available multi‐physics simulation framework
MECHSYS, created by Dr. S.A. Galindo Torres. This software package can be accessed via the website https://
mechsys.nongnu.org/.
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