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Abstract

Hot dry rock (HDR) is a promising renewable energy resource whose vast reserves and
wide distribution have attracted extensive attention in recent years. However, exploit-
ing HDR resources requires hydraulic stimulation, which is typically accompanied by
substantial microseismic activity, posing significant risks to project safety and public accep-
tance. Current understanding of microseismic mechanisms, particularly the role of fracture
geometry under varying injection schemes, remains inadequate. This study employs a
three-dimensional block-based discrete element method to construct a fluid-mechanics
coupled model founded on a discrete fracture network, aimed at investigating the mechan-
ical behavior of fractures and the spatial distribution of microseismicity during hydraulic
stimulation. Our results quantitatively demonstrate that fractures oriented at 45° to the
maximum principal stress are most susceptible to shear reactivation and microseismic
clustering, with event magnitudes strongly correlated to both fracture orientation and
intra-fracture fluid pressure. Consequently, preventing critically high fluid pressures in
natural fractures near the injection well, particularly those at approximately 45° to the
maximum principal stress direction, is essential for risk mitigation. Cyclic injection can
shear more fractures and slightly reduce magnitudes via staged pressure relaxation, but
its effectiveness in controlling microseismic magnitude is limited. Therefore, it is recom-
mended to implement measures to control the entry of fracturing fluid into these high-risk
fissures, such as segmented fracturing or temporary plugging techniques. This strategy is
expected to enhance seismic risk mitigation, thereby contributing to the safe and efficient
exploitation of deep geothermal resources.

Keywords: hot dry rock; induced microseism; cyclic injection; hydraulic stimulation;
natural fracture

1. Introduction

Geothermal energy is a clean, stable, and renewable energy source that originates from
the heat of Earth. The calorific value reserves within 3-10 km depth of the earth’s crust are
about 42.7 x 10° EJ, of which 80% come from hot dry rock (HDR) in enhanced geothermal
system (EGS) [1]. At a conservative estimate, the energy contained in HDR (3-10 km) is
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equivalent to 30 times the energy contained in oil, natural gas, and coal worldwide [2—4].
Predictably, the development of HDR will make a significant contribution to global energy
conservation, emission reduction, and a new round of energy structure adjustment in the
future [5-7].

Hydraulic fracturing (HF) stimulation has become a well-established method for en-
hancing geothermal heat extraction from HDR by creating high-density fractures [8,9]. In
HDR geothermal reservoirs, the extremely low permeability of rocks makes a success-
ful fracturing operation largely dependent on reactivation of pre-existing natural frac-
tures [6,10]. However, hydraulic stimulation aimed at reactivating fractures and creating a
commercial reservoir induces a series of microseisms. Particularly in crystalline granite,
these stimulation treatments are often accompanied by a large amount of seismic activity
and have caused extensive discussion and concerns [11-14]. For example, a microseismic
event (M = 3.4) triggered by the hydraulic stimulation of Basel in Switzerland led to the
termination of the project [15]. In Soultz in France and Cooper in Australia, hydraulic
fracturing also induced a series of seismic events, with the highest magnitudes reaching
M =29 and M = 3.7, respectively [16-19]. In addition, studies have shown that the M = 5.5
seismic activity in Pohang, South Korea is related to the development of nearby EGS
projects [20,21].

Since then, efforts have been made to study the response mechanisms of microseisms
triggered by fluid injections [12]. The investigation concluded that the generation of
induced seismicity is related to the rock mechanical properties of the reservoir, original
stress state, and the spatial distribution of natural fractures [22,23]. In general, brittle rocks
fail suddenly and undergo tensile fracture under the induction of a large fluid pressure.
With a small amplitude of inelastic deformation, brittle rocks exhibited a large degree of
stress drop. However, it is difficult for this mechanism to form a strong moment magnitude
because the moment displacement formed when the crack ruptures is extremely small [24].
Therefore, some scholars believe that seismicity induced by hydraulic fracturing is mainly
related to shear slip rather than tensile failure [23,25-27]. The fluid pressure along a natural
fracture can increase immediately during fracturing. If the injection pressure exceeds a
critical value, shear slip occurs along the natural fracture, thereby inducing seismicity [28].
At this time, the difference in the friction coefficient and stress state in the reservoir can
result in induced microseismic events of different magnitude [29-31]. This knowledge aids
in understanding the mechanism of seismic activity and plays a guiding role in formulating
an optimal hydraulic injection scheme.

On the basis of these theoretical foundations, a series of stimulation methods have
been developed. These methods were designed to create necessary heat exchange networks
while potentially mitigating the risk of inducing high-magnitude seismic events [32-35].
Observations in the field indicate that controlling the injection rate may be a promising
method for mitigating the occurrence of induced microseisms [34]. For example, wells
with low injection rates are much less likely to be associated with earthquakes than high-
injection rate wells, and the critical rate above the induced seismicity may depend on the
rock properties of the HDR reservoir [30]. In addition, the time variation of the injection rate
is typically related to the frequency of microseismic occurrences. Previous results indicated
that a sudden increase in the injection rate tends to occur shortly before the occurrence of
a larger microseismic event [29,36,37]. Therefore, the cyclic/alternating injection scheme,
by adjusting the injection schedule to control the fracture net pressure to achieve stress
relaxation, has become a new choice for hydraulic fracturing in HDR reservoirs [34,38,39].

Nevertheless, existing studies have demonstrated that even when hydraulic fracturing
injection schedules are optimized to mitigate induced seismicity, substantial microseismic
events can still be triggered [40]. It is probable that some fractures with specific occurrences
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are responsible for inducing large microseisms. Regardless of the injection method, as
long as the fluid injection reaches a certain volume, fractures that are prone to inducing
large microseismic events can form a large fluid pressure, thereby triggering substantial
microseismic activity. Therefore, studying the mechanism of hydro-induced microseismic
events in HDR, determining the fractures that are prone to induce large microseismic
events, and taking corresponding measures to reduce earthquakes are of great significance
for the development of HDR geothermal resources [19].

At present, the complex interactions between hydraulic fractures and natural frac-
tures, and the fundamental mechanisms of induced microseismicity in fractured reservoirs,
remain to be fully understood [32,38,41]. However, previous studies have largely over-
looked the microseismic response mechanisms of fractured reservoirs under different fluid
injection conditions, as well as the determination of the coupled relationships among fluid
variation, fracture reactivation, and microseismic induction [42,43]. There have been rela-
tively few studies on the distribution of microseismic events generated during injection and
their relationship with fracture distribution; moreover, analyses of how injection patterns
influence microseismic behavior are also lacking.

In this study, we first modeled the Discrete Fracture Network (DFN) based on the
published investigation data of the FORGE site. On this basis, considering the need for
further discrete fracture models (DFM) and numerical simulations of hydraulic stimulation
processes, the connectivity of DFN was analyzed, and the DFN was simplified based on the
spatial geometric relationship between connectivity and fractures. Based on the simplified
DEN, a Discrete Fracture Model for the FORGE site was established, and a fluid-solid
coupling model and microseismic analysis model for the hydraulic stimulation were further
developed. This model can analyze the occurrence and distribution of microseismicity
in the site while analyzing the process of hydraulic stimulation injection. We conducted
reservoir stimulation analysis under different injection modes (continuous, cyclic, and
stepped) using the DFM, and the impact of injection modes on the number, magnitude,
and distribution of microseismic events also been analyzed.

This study employs a DFN-based discrete fracture model to analyze reservoir micro-
seismicity and its evolution during fracturing injection, and establishes the relationship
between these phenomena and reservoir fracture behavior and spatial fracture distribution.
On this basis, the effects of different injection regimes on fracture rupture behavior and mi-
croseismic activity are examined, and recommendations for mitigating fracturing-induced
microseismicity are provided. Unlike previous studies, this work not only examines the
magnitudes of microseismic events and the spatial distribution of microseismic clouds,
but also analyzes the relationship between the spatial distribution of microseismic events
and fracture distribution and fracture behavior; furthermore, it investigates the specific
effects of different injection patterns on microseismic event characteristics and fracture
mechanics. This dual focus on microseismic event distribution and fracture mechanics
offers new insights for optimizing hydraulic stimulation techniques to minimize seismic
risk, and will inform efforts to reduce microseismic occurrence and to evaluate fracturing
outcomes based on microseismic observations.

2. Numerical Methods

The hydromechanical coupling processes in fractured reservoirs are very complex. To
study the microseismic behavior caused by water injection in the fractured reservoir, the
behavior of fractures must be precisely characterized in the model. The discrete element
method based on block systems is particularly advantageous for analyzing the fracture
behavior. In this study, a reservoir model was constructed and analyzed using the 3DEC
software (Version 5.2), which was founded on the discrete element model.
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2.1. Governing Equations for Hydraulic Stimulation
2.1.1. Hydromechanical Coupled Model

(1) Fracture Fluid Flow

Owing to the low permeability of the HDR rock matrix, it is assumed that the fracturing
fluid in the fracturing process only migrates through fractures [44]. In other words, the
block in the model was impermeable, and the fluid flow was confined to the fractures
within the blocks. The flow velocity can be determined using Darcy’s law and Cubic Law.

g VP
x —(Vp— 1
i 17 (VP —eg) (1)

where K is the coefficient of permeability; P is the pressure of fluid in the fracture; p is
the density of fluid; g is the acceleration of gravity; u is the viscosity of the fluid; b is the
fracture aperture, which can change during the injection process.

(2) Fracture Deformation

The hydraulic fracturing process differs from that of the general geotechnical mechan-
ics. Owing to the injection of high-pressure fluid, the intra-fracture fluid pressure is not
always less than the stress on the fracture. Therefore, it is necessary to calculate the fracture
displacement according to the relative size of the intra-fracture fluid pressure and stress
on the fracture (caused by in situ stress). When considering the fracture stress state, the
stress on the fracture surface can be characterized by its normal stress component of the
fracture surface.

The fracture was closed when the pressure on it was less than the internal fluid pres-
sure. At this time, the upper and lower surfaces of the fracture are in contact with each other,
and friction must be overcome for the shear deformation of the fracture. Here, we used 7, ¢
to define the effective shear stress, which can be used to calculate the shear deformation.

Toff = Tn — H(0n — p) 2)

where T, is the effective shear stress on the fracture surface when the fluid pressure is less
than the normal stress; T, is the shear stress on the fracture surface; 0, is the normal stress
on the fracture surface, p is the intra-fracture fluid pressure, y is the friction coefficient
on the fracture surface. When the effective shear stress is greater than the shear strength,
fracture slides and shear deformation can occur, which can be calculated from the shear
stiffness, as follows.

_ Teff
4 = ! )

where d; is the shear displacement of the fracture surface; K, is the shear modulus of the

fracture surface under compressed state.
Similarly, the aperture variation of the fracture can be calculated from the compressive
stiffness, as follows.
o —
4, =2 _P) @

where d,, is the variation of fracture aperture; K. is the compressive stiffness in the
compressed state.

Fracture opening occurs when the fluid pressure exceeds the normal stress acting on
the fracture surface. Under these conditions, the fracture can be considered to be in a tensile
state, with the fracture surfaces separated from each other. Consequently, no frictional
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resistance was observed during shear deformation. Therefore, the effective shear stress
under these conditions is:

Teff = Tn ®)

In other words, under the condition that the fluid pressure is higher than the normal
stress on the fracture surface, the only force causing the shear displacement of the fracture
is the shear stress on the fracture surface.

Thus, shear displacement can be calculated as follows.

_ eff
&= ©)

The calculation method is the same as that used in Equation (3), but it should be noted
that due to the change in the stress state of the fracture, the shear stiffness of the fracture
surface also changes. At this time, K; is the shear stiffness in the fracture tension state, and
the change in fracture aperture can be calculated as:

_(p—om)
dy = K, )

where K,;; is the tensile stiffness in the fracture tension state.

2.1.2. Microseismic Analysis Model

To calculate microseisms during hydraulic fracturing, our model adopts the moment
tensor theory proposed by McGarr et al. [45]. This method is widely used in numerical
simulation to analyze the induced microseismic events and has achieved satisfactory
results [44]. Based on this, the scalar of the seismic moment of each microseismic event can
be defined as

My=1txdxA (8)

where d is the shear displacement of the fracture surface; T is the shear stress on the fracture
surface; and A is the fracture surface area. In numerical analysis, the area of fracture
elements can be used to represent the fracture area A.

According to Das et al. [24], microseismic magnitudes can be calculated based on
seismic moment (Equation (9)). Compared with the commonly used moment magnitude
(M), magnitudes obtained by this method provide more accurate results for the analysis
of very small-magnitude earthquakes.

1

Muwg = 136

log(Mp) — 12.68 )

This study adopts the My, scale because it provides a more reliable estimation of mi-
croseismic magnitudes, particularly for small- and medium-magnitude events. Traditional
magnitude scales such as M;, have known limitations. In particular, the M, scale has a
mathematical inconsistency when applied below M; 7.5, which is only valid for the range
5.0 < M <7.0[24]. The My, scale was developed and validated mainly for Southern Cali-
fornia for magnitudes above 3.0. The M,, scale has been globally validated for magnitudes
above 7.5 and performs reliably primarily for large, shallow earthquakes worldwide. It
tends to yield inaccurate estimates for intermediate- and deep-focus events and often over-
estimates the energy release for smaller earthquakes. Furthermore, it assumes a constant
energy-to-moment ratio (E/ M, =5 x 107°), which oversimplifies the complex energy
radiation process and neglects regional variations. In contrast, the My, scale, derived from
globally distributed data, provides statistically improved and energy-consistent results,
making it more suitable for analyzing microseismic activity in this study.
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Thus, the moment magnitude of the induced microseismic events could be calculated
from the displacement of the fracture surface. However, it should be noted that this
method will lead to large-magnitude microseismic events, particularly for sparser meshing.
Therefore, we considered that the calculated microseismic magnitude as the result of the
average energy release within each numerical grid. In essence, within a given spatial
domain, the cumulative density of numerous low-magnitude microseismic events is equal
to that of a single larger event, contingent on the local discretization resolution. However,
the relationship between the microseismic magnitude and energy release is exponential,
and the energy density variation caused by unit density is only related to the size of the area.
This means that the difference in the microseismic magnitude caused by the discretization
resolution will not significantly affect the main part of the modeled microseismic magnitude.
That is to say, the size of the grid will only have a slight impact on the magnitude, and will
not have any effect on the spatial distribution of microseismic events. But the density of the
grid is not only controlled by the calculation process of microseismic, but mechanical and
fluid calculations also have certain requirements for grid density. If the grid is too sparse,
it will make it difficult to solve mechanical and fluid calculations, and this requirement
for grid accuracy directly determines that the influence of grid density in microseismic
calculations is minimal. Under the condition that the grid density meets the requirements
of mechanics and fluid calculations, the influence of grid density on subsequent analysis
can be considered negligible.

2.1.3. Numerical Implementation of Microseismic Model

In the numerical simulation, a discrete fracture model was generated using a pre-
generated discrete fracture network that included discrete blocks and fractures between
blocks. During the meshing process, the fracture network and blocks must be meshed
separately to form fracture meshes (2D) and block meshes (3D). Based on this, the 3SDEC
can perform a numerical simulation for hydraulic stimulation.

During the model calculation, fracture elements area A, normal stress 0y, shear stress
T, and fluid pressure P are calculated at each time step. After convergence, these results
can be used to calculate the magnitude and location of microseismic events at each time
step. Functions for calculating microseismic events can be written using the built-in
FISH language in 3DEC and called by the simulation event manager after each time step
calculation is completed. Previous studies have validated the effectiveness of the above
model using experimental data [44].

2.2. Site Natural Fractures Distribution and DFN Construction

The 58-32 well at the Milford site in Utah, USA, was used as the research object for
this study. This site belongs to the FORGE project, a famous HDR development project in
the United States. This project aims to establish a replicable EGS engineering development
model with commercial viability, ultimately providing replicable technical solutions and
industrialization pathways for the geothermal sector [46].

The Milford site is located in South Central Utah, 350 km from Salt Lake City and
16 km from Milford. Gravity, magneto-telluric sounding, and drilling indicate that the
potential HDR reservoir is located in Mesozoic basement granite [46]. The HDR, which
has a depth of less than 4000 m and a temperature above 175 °C, has an area of more than
1000 km? and a volume of more than 100 km? (Figure 1).

In phase 2 of the FORGE project, drilling of well 58-32 was completed on-site. This well
is one of the most important explorations on site, primarily aimed at investigating HDR
reservoirs, including the detection of reservoir temperature, lithology, reservoir permeabil-
ity, stress, and fracture-related conditions. The total depth of well 58-32 is 2297 m, with
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approximately 1300 m drilled into the granite layer. The section from 2248 to 2294 m (46 m
from the well bottom) was set as the open-hole interval, while the casing was installed at
other depths after completion, with perforations conducted at two intervals of 2001-2004 m
and 2123-2126 m, respectively [47]. According to the temperature measurement results
obtained after drilling, the temperature at the bottom of the well (at a depth of 2297 m)
was 199 °C. Based on the Formation Micro-Imager (FMI) test results of the fractures in
the wellbore, the horizontal maximum principal stress direction of the site was inferred
to be NE 30°. Combined with stress tests conducted in other nearby wells, the maximum
horizontal principal stress azimuth at FORGE site may be NE 25-30° [48].

Nevada, USA|
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Figure 1. Geological map and cross section for the Utah FORGE site based on the compilation of new
field observations and well data: (a) Regional geologic map of the Carson Sink Region, showing the
location of the FORGE site, (b) geological map, and (c) cross section for the FORGE Utah site.

The establishment of the DFN model is the basis for fractured reservoir analysis [49].
In Phase 2B of the Utah FORGE Project, the FMI survey was conducted, and the fracture
survey data in the 58-32 well was obtained. The survey results showed that approximately
2000 fractures were located in the wellbore, excluding fractures induced by drilling. The
statistical results of fracture occurrence showed that fractures could be divided into three
groups (Figure 2): N/S, E/W, and NE/SW [44,48]. However, in the construction of the
DEN, we do not directly use the fracture data obtained from field surveys, because these
results can only indicate the distribution of fractures near the geothermal wells and cannot
directly determine the specific sizes of fractures within the reservoir. For the construction
of the reservoir DFN, it is also necessary to supplement it with other auxiliary data.

In addition, fractures in the Salt Cove, Bailey Springs, Negro Mag North, and Blundell
SE areas near the Milford site were investigated. The results show that the occurrence
distribution of the fracture is similar to that of the FMI survey results, which also confirms
the accuracy of the fracture results in the 58-32 well. The parameter fitting of the fracture
occurrence data was performed. Previous studies have shown that fracture orientations
at the site conform to a Fisher distribution, while fracture sizes follow a Log Normal
Distribution; detailed distribution parameters are given in Table 1 [46]. These findings
indicate that fracture networks generated using these distributions can satisfy the fracture
network requirements for site fracturing analysis and ensure the accuracy [47-49].
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Figure 2. FMI survey results of Well 58-32, (a) the rose plot indicates the major dip angle and dip of
the fractures; (b) three-group fractures, including N/S, E/W, and NE/SW.

Table 1. Fracture set generation parameters and their distributions [46].

Orientation Fracture Radius (m)
Three Set
Fractures Fisher Distribution Log Normal Distribution
Fracture Density Mean Dip Mean Dip Angle Mean (m) Standard
(Fractures/m) “) ©) Deviation (m)
NE/SW 0.95 331 0.975 35 28.9
N/S 0.36 87 41.806 35 28.9
E/W 0.1 3 10.82 35 28.9

Based on the results of on-site fracture investigation and fracture statistical model,
an initial DFN model was first established using Itasca 3DEC (Figure 3a). The fracture
orientation follows the Fisher distribution, and the angle is randomly generated according
to statistical rules; The radius distribution of the fracture conforms to the Log normal
distribution, and the upper limit of the generated fracture is controlled to be the density
of the three sets of fracture; In the initial DFN model, approximately 1.2 x 107 fractures
were created. Obviously, fractures of this order of magnitude are too numerous to build
a discrete fracture media model. Therefore, the DFN model was simplified. The detailed
simplification process is described in detail in Hu et al. [48], and this DFN has been
compared with field measured data and is feasible. This simplification operation mainly
includes the analysis of fracture connectivity, removed independent fractures that are
not connected to others (Figure 3b). In addition, the merging and removal of fractures
with similar occurrences to ensure the feasibility of the numerical simulation calculations
(Figure 3c) [49].

The simplification of fractures is based on the simplification of physical processes, and
deleted fractures are those that do not affect the simulation results. This simplification is
currently the most common method in DFEN random generation and simulation, and it is
the recommended generation method for DFN generation and application in the official
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3DEC cases. After simplification, the DFN model had approximately 82,000 fractures. The
establishment process of the DFN model is shown in Figure 3.

(@) (b) (©
Figure 3. Establishment process of DFN model: (a) original DFN model generated with survey data,
(b) DEN model after removing disconnect fractures, and (c) DFN model after merging fractures with

similar orientations; The different colors represent cracks of different groups, with red representing
NE/SW, green representing N/S, and blue representing E/W.

2.3. Reservoir Model Setup

Figure 4 shows the reservoir model that consists of blocks separated by fractures. The
geological model is placed in a depth range of 1550 m to 3050 m below the surface. Based
on the DEN, the block model of site size can be cut to form a discrete fracture media model
(DFM model). The DFM model can be divided into two layers, the outer block area is
2400 x 2400 x 1500 m, and the inner layer is 600 x 600 x 500 m. Considering the setting of
boundary conditions and eliminating their influence, the exterior is connected to the interior
DFM region as a complete block with discontinuous displacement boundary conditions.

Py 40V

1500m

Inject Point ~
~

g

g

DFN Zone

8

500m

g

'600m

Block Zone

8

g

UL L AL L L L

g

Depth

2400m

(a)

(b) (c)

Figure 4. FORGE reservoir-scale model: (a) conceptual model, (b) 3DEC model with DEN for all
regions, and (c) 3DEC model for the DEN region.

The block and fracture were divided into triangular meshes with a maximum length
of 15 m. The local software will automatically encrypt the grid with the minimum length
1.0 m. The discretization yields approximately 1.03 million elements, comprising 575,000
block elements and 460,000 fracture elements. The X and Y directions of the block model
correspond to the maximum horizontal principal stress and minimum horizontal principal
stress, respectively. The advantage of this setup is that it allows the horizontal stress
field to be directly applied to the model boundaries using normal stresses, reducing the
convergence issues caused by shear stresses arising from the misalignment between the
stress and model directions. However, after the model was rotated, the orientation of the
network also required adjustment. Under the condition that the horizontal direction of the
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model is set along the horizontal Max./Min. in situ stress direction, the orientation of the
fracture network needs to remain due South/North. Therefore, relative to the block model,
the fracture network must be rotated 60° counterclockwise before cutting the block model.

2.4. Model Parameters

The rock in the reservoir was granite with well-developed fractures, and the relevant
physical parameters are listed in Table 2. Most of mechanical parameters are mainly
derived from direct measurements, for example density, Young’s modulus, Poisson’s
ratio. However, most of fracture properties are derived from inferred results. For the
initial condition, the vertical principal stress at the top of the model was 39.5 MPa, and
the following was calculated according to the gradient of 22.54 kPa/m. The maximum
horizontal principal stress coefficient was 0.667 and the minimum horizontal principal
stress coefficient was 0.529. The pore pressure was set according to the hydrostatic pressure.
The top pressure was 15.3 MPa, and the vertical pressure gradient was 9.8 kPa/m. For
the boundary conditions of the mechanical model, the periphery and bottom of the model
were set as zero displacement boundaries, and the top was a fixed horizontal displacement,
allowing displacement in the vertical direction.

Table 2. Mechanical parameters, geometry, and in situ stress in the reservoir model [44,46,48].

Category Parameter Value Unit
Mechanical D’ensity (D) 2650 kg/m3
parameters Young S modulqs (E) 50 Gpa

Poisson’s ratio 0.25
Tangential Stiffness under Compression (Ks) 75 GPa
Normal Stiffness under Compression (Kj;c) 90 GPa
Tangential Stiffness under Tension (Ks;) 70 GPa
Fracture Properties Normal Stiffness under Tension (K;;) 80 GPa
Fracture Tensile Strength (c) 2 MPa
Fracture Friction (p) 0.35
Fracture Dilatation Angle (¢) 15 °
Fracture Initial Aperture 0.0001 m
Fluid bulk modulus (Kgy4) 2 GPa
Fluid Properties Fluid density (pgu4) 1000 kg/ m?
Fluid viscosity (pgui) 0.0015 Pa-s

For the base case, the water was injected into the fractured reservoir with a constant
injection rate (¢) at 1.02 m3/min (Figure 5). The injection time (t) lasts for 10 h, resulting in
a cumulative injection volume of 612 m3.

A
(Continuous injection
o
2
<
bl
=]
=}
=
|53 |
51 1
> :
— 1
¢ =1.02m*min, =10 h :
|
1
1
1
1
1
1
1
L™
»

Injection time

Figure 5. The continuous injection method for the base case.
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3. Simulation Results

3.1. Spatial Distribution of Microseismic Events
3.1.1. The Relationship Between Fluid Migration and Fracture Opening

In our model, fracture failures can be divided into two types. In the first case, the
fluid pressure was less than the in situ stress on the fracture surface. The greater the
intra-fracture fluid pressure, the smaller the friction force on the fracture and the greater the
shear displacement and effective shear stress. Under these conditions, the reactivation of
the fracture was dominated by shear failure. In contrast, when the fluid pressure is greater
than the in situ stress on the fracture surface, the reactivation of the fracture is dominated
by tensile failure, and there is no friction on the fracture surface. The fluid pressure had no
effect on the effective shear stress on the fracture surface.

Figure 6 shows the relationship between microseismic events and fracture pore pres-
sure. Near the injection point, the reservoir exhibits fractures, where the in situ stress
acting on the fracture surface is lower than the fluid pressure. Under these conditions,
fracture reactivation was dominated by tensile failure mechanisms. Consequently, the fluid
pressure did not influence the effective shear stress on the fracture surface, resulting in no
observable concentration of microseismic events.

Joint Pore pressure (MPa)

32.4280
32.0000
31.0000
30.0000

29.0000
28.0000

27.0000
26.0000
25.0000
24.0000
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Figure 6. Relationship between microseismic events and fracture pore pressure after continuous
injection for 10 h. (a) Three-dimensional distribution of microseismic events, (b) 2D section in the Y-Z
direction, (c) 2D section in the X-Z direction, and (d) 2D section in the X-Y direction.

In contrast, fractures within the distal regions of the reservoir exhibited a pronounced
correlation between the microseismic event density and fluid pressure distribution. At
these distances, the fluid pressure remains insufficient to overcome the fracture closure
stress and eliminate the frictional resistance along the fracture surfaces. Consequently,
elevated fluid pressure directly increases the effective shear stress and promotes shear
failure. This mechanism results in a positive relationship, where higher fluid pressures
correlate with increased shear stress magnitude and a greater spatial concentration of
microseismic events.

Analysis of the fracture aperture distribution revealed a negligible correlation with the
microseismic event locations (Figure 7). Proximal to the injection point, where the in situ



Appl. Sci. 2025, 15, 11919 12 of 26

stress acting on the fracture surfaces is lower than the fluid pressure, the aperture changes
are predominantly governed by tensile failure mechanisms. This failure mode minimally
perturbs the effective shear stress on fractures, resulting in a poor spatial correspondence
with microseismic activity. Conversely, in distal regions, aperture alterations were primarily
attributed to shear failure in regions far away from the injection point. Within these
zones, microseismic events exhibited a strong spatial correlation with regions of significant
aperture changes (Figure 7).
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)

Figure 7. Relationship between microseismic events and fracture aperture after continuous injection
for 10 h. (a) Three-dimensional distribution of microseismic events, (b) 2D section in the Y-Z direction,
(c) 2D section in the X-Z direction, and (d) 2D section in the X-Y direction.

3.1.2. The Relationship with the Azimuth of Natural Fractures

To capture the spatial distribution of microseismic events further, the spatial distribu-
tion of all microseismic events induced by fracturing was fitted by planarization (Figure 8).
The related information of microseismic plane (MP) is given in Table 3.

2-3 22 5

(a) (b)

Figure 8. The spatial distribution of microseismic events (10 h): (a) the microseismic event after the
fracturing (background is the DFN fracture), (b) diagram of the 7 planes obtained by planarization.
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Table 3. Spatial distribution of microseismic events by planarization.
Group 1
Unit Normal Vector 0.744701 —0.165379 0.646584
1-1 Origin Point (m) 67.2344 —7.04769 71.2743
Dip/ZDip angle 102.521/49.7155
Unit Normal Vector 0.666871 —0.0184136 0.744946
1-2 Origin Point (m) —16.6728 0.27786 —17.8617
Dip/Dip angle 91.5816./45.8455
Unit Normal Vector 0.718736 0.0998621 0.688074
1-3 Origin Point (m) —91.2317 ~16.2377 —61.7154
Dip/Dip angle 82.0899/46.5222
Unit Normal Vector 0.671779 0.146019 0.726218
14 Origin Point (m) 26.1889 47.5912 42.3995
Dip/Dip angle 77.7368./45.4298
Group 2
Unit Normal Vector 0.407599 —0.908598 —0.0911685
21 Origin Point (m) —5.33765 —61.5151 4.19486
Dip/Dip angle —24.1610/84.7692
Unit Normal Vector 0.386651 —0.922224 —0.0020648
22 Origin Point (m) —54.1827 —13.5785 35.3269
Dip/ZDip angle —22.7462./89.8817
Unit Normal Vector 0.529514 —0.834164 —0.154224
2-3 Origin Point (m) —96.2324 63.7412 6.21733
Dip/Dip angle —32.4070./81.1282

The distribution of microseismic events was not gradually generated in the fractures
in any direction along the injection point. Conversely, it is concentrated on certain fractures,
which are mainly distributed on seven planes (Figure 8). The seven planes can be divided
into two groups according to the occurrence characteristics of the microseismic events.
Group 1 had four planes, and Group 2 included three planes. The dip angles of group 1 are
all approximately 45°, and the distribution of the dip angle is relatively scattered, ranging
from 70° to 102°. The dip angles of Group 2 were mainly concentrated from 81° to 89°, and
the dip angle was mainly distributed near —20° (approximately —60° with the maximum
horizontal principal stress) (Table 3).

The distributions of the dip angles and direction of all fractures in DFN and the posi-
tions of 7 planes are shown in Figure 9. It can be found that no microseismic event occurred
in the dense fracture group with a dip angle of 70-80° and a dip angle of 140-160° in the
DEFN. Alternatively, the relatively low-density fracture group with a dip angle of 45-50°
concentrated all microseismic events in the first group. This implies that the concentration
of microseismic events does not completely depend on the density of fractures, which is
mainly affected by the occurrence of natural fractures.

Considering that both the stratum and fractures are in a three-dimensional (3D) stress
state, the 3D Mohr circle was applied to further analyze the relationship between the stress
on the fractures and the induced microseisms (Figure 10). The 3D Mohr circle is used
to analyze the spatial stress state under three-dimensional stress conditions, and can be
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combined with the Mohr-Coulomb criterion to analyze whether materials will fail under
the current stress state (the combination of normal stress and shear stress on the fracture
surface). If the stress state is close to the boundary of three circles at a point in the diagram,
then this point tends to fail. The stress analysis diagram shows that the fractures that
induce microseismic accumulation can be roughly divided into two groups: the fractures at
an angle of 45° to the direction of the maximum principal stress (o1) (Group 1); the other is
the group of the fractures with an angle close to 60° with the maximum horizontal principal
stress (07) (Group 2). These results are consistent with the analysis of the microseismic
plane by planarization (Figure 8).
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Figure 9. The distribution of (a) dip angles and (b) dip angle of all fractures in the DFN and lead lines
show the positions of the seven planes; The numbers in the Natural Fracture Group represent the
index corresponding to the microseismic planes in Table 3.
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Figure 10. Relationship between stress on fracture and induced microseisms based on 3D Mohr circle.

Stress analysis indicated that the microseismic plane distribution was primarily con-
trolled by fracture orientation. According to the principles of solid mechanics, fractures
oriented approximately 45° to the maximum principal stress experience elevated shear
stress under high differential stress conditions. Given that microseismic events predomi-



Appl. Sci. 2025, 15, 11919

15 of 26

0.25 4

0.20 4

o
s
|

Relative Frequency
=
3
Il

0.05 4

nantly result from shear failure along fractures, planes subjected to higher shear stresses
exhibit both an increased event frequency and magnitude. Consequently, a distinct cluster
of microseismic planes (Group 1) developed near the 45° dip angle orientation relative
to the maximum principal stress (Figure 10), which was consistent with the Coulomb
failure criteria.

The microseismic planes designated as Group 2 predominantly align with NE/SW-
striking fractures (30° dip angle). A plane with an angle close to 45° with the principal
stress is subjected to high shear stress. Therefore, in the orientation close to 45°, the
NE/SW group (60° with the maximum horizontal principal stress) was prone to large mi-
croseisms (Figure 10). In addition, rather than being evenly distributed on all the fractures,
the fractures that were distributed at 45° from the direction of the maximum principal
stress, or at 45° from the principal stress, were more likely to produce a concentration of
microseismic events.

3.2. Evolution of Microseismic Events with Time
3.2.1. Microseismic Magnitude

Analysis of the microseismic event frequency and maximum magnitude (Figure 11)
revealed a progressive increase in the relative proportion of higher magnitude events
as fracturing advanced. Concurrently, the power-law distribution of event magnitudes
became increasingly pronounced (Figure 11a). The simulation results indicate a maximum
magnitude of approximately My, 0.27 (Mg —0.57), which is consistent with the field-
measured result (~My 0.3) [50], demonstrating that the model developed in this study
corresponds to the actual site conditions. Furthermore, the maximum magnitude of the
microseismic events progressively increased during the fracture propagation (Figure 11b).
This is mainly because the fluid pressure in a certain group of fractures that tends to
induce microseismic events gradually increases with the progress of the fracturing injection.
Elevated pressure enhances the effective shear stress along these fractures, amplifying the
shear failure energy, and consequently generating higher-magnitude events.
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Figure 11. Results of microseismic magnitude: (a) Magnitude frequency distribution histogram and
(b) maximum magnitude statistical results of microseismic events after fracturing for 1 h, 5 h and
10 h.

To test this hypothesis, we analyzed the spatial distributions of peak-magnitude
events. Table 4 demonstrates that maximum-magnitude seismicity during both the 2-5 h
and 6-10 h injection intervals occurred at persistent spatial locations. Furthermore, the
event magnitudes at these locations progressively increased with injection duration. These
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findings collectively demonstrate that maximum-magnitude seismicity only occurs in
specific fractures, and its magnitude gradually increases with an increase in fluid pressure.

Table 4. Statistical results of the location of microseismic event with the largest magnitude, and the
location of injection point is (0, 0, 0).

Magnitude  Magnitude

Time (h) (M., (M) x-Position y-Position z-Position
1 —0.148 —1.04324 —23.963 43.8798 —10.1159
2 —0.00569 —0.88627 —69.3056 44.0793 30.7332
3 0.06834 —0.95533 —69.3056 44.0793 30.7332
4 0.118628 —0.74915 —69.3056 44.0793 30.7332
5 0.1468 —0.71803 —69.3056 44.0793 30.7332
6 0.162716 —0.70052 125.691 24.2346 10.7918
7 0.203844 —0.617 125.691 24.2346 10.7918
8 0.23469 —0.62114 125.691 24.2346 10.7918
9 0.259733 —0.59351 125.691 24.2346 10.7918

10 0.277563 —0.57385 125.691 24.2346 10.7918

3.2.2. Microseismic Distribution

Figure 12 shows the evolution of microseismic events on each plane during the fractur-
ing process over time. In the early stage, a large number of microseismic events occurred
only in the fracture group near the injection point (planes 1-2). Subsequently, as the fluid
gradually migrated outward, microseismic events began to be gradually generated in the
other fracture zones. These results demonstrate that the spatial evolution of microseismic
events on the identified failure planes was predominantly controlled by fluid migration
pathways. Specifically, planes receiving an active fluid influx exhibited substantially higher
microseismic event densities.
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Figure 12. Evolution of spatial distribution of microseismic events over time. (The upper and lower
rows of the same column are the data at the same time, but the angles of observation are different).

It is worth noting that the microseismic events are only concentrated on the natural
fractures where the hydraulic shear failure occurs, but the microseismic events contributed
by the hydraulic tension failure are not obvious. Consequently, estimating stimulated
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fracture networks solely from microseismic spatial distributions systematically underesti-
mates total fracture activation. This approach may overlook substantial fluid-conductive
pathways, potentially compromising reservoir development strategies through inadequate
characterization of the created fracture system.

3.3. Distribution of Microseismic Events Magnitude

Figure 13 shows the statistical results of the magnitude of the microseismic events.
The magnitude distribution after 10 h obeyed the power-law distribution. The number
of microseismic events was significantly reduced as the magnitude increased. Therefore,
the number of high-magnitude microseismic events caused by shearing is generally small,
which has also been verified by microseismic monitoring at actual sites [36].
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Figure 13. Statistical analysis results of microseismic event magnitude: (a) Histogram of magnitude
distribution of microseismic events and (b) frequency distribution histogram; (c,d) represent the
magnitude distribution and frequency distribution in logarithmic coordinates.

Our analysis revealed a heterogeneous distribution of seismic moment magnitudes
across microseismic planes. High-magnitude events predominantly localized to Group 1
fractures, whereas Group 2 planes exhibited negligible occurrence of significant seismicity
(Figure 14). This was mainly because the planes of Group 1 were 45° to the maximum
principal stress, and the shear stress on the fracture surface was large, which facilitated
the formation of large microseismic events. However, the planes of Group?2 are paral-
lel to the maximum principal stress and are easily activated by shearing, thus causing
more microseismic events. However, owing to the small shear stress, the magnitude of
the induced microseismic event is generally small, which is not harmful to hydraulic
stimulation projects.
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Figure 14. Histogram of microseismic event distribution on each microseismic plane.

In addition, by comparing the four planes in group 1, it was found that although the
four planes had similar occurrences, almost all microseismic events with large moment
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magnitudes were concentrated in plane 1-1 and plane 1-2 (Figure 15). This is because,
compared to planes 1-3 and 1-4, planes 1-1 and 1-2 are relatively close to the injection
point; thus, a large amount of fluid can enter these fracture planes. Consequently, the
fluid pressure in these fractures is high, causing the effective shear stress in the fracture to
increase, resulting in a greater magnitude of microseismic events. The modeling results
demonstrate that fractures in proximity to the injection point and optimally oriented at
~45° exhibit an elevated propensity for generating higher-magnitude microseismic events
owing to enhanced shear stress concentrations.

(a) (b)

(d)
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Figure 15. Distribution of microseismic events, magnitudes, and pore pressures on each microseismic
plane. (a—g) shows the simulation result on seven planes, (h) is the schematic diagram of the
microseismic plane, and the number on the plane corresponds to the number in the upper left corner

of (a-g).

Microseismic activity signifies the shear activation of natural fractures, with the spatial
extent correlating positively with the stimulated fracture network size. Although maxi-
mizing microseismic zone coverage is desirable for enhanced reservoir connectivity, the
mitigation of high-magnitude seismicity remains critical for operational safety. Conse-
quently, when natural fractures with high seismic susceptibility are identified, proactive
fluid pressure management should be implemented to suppress the excessive magnitude
development. For example, directional control of fluid injection can be achieved through
techniques such as directional perforation or segmented sealing. In addition, there are
currently some temporary plugging techniques that can achieve this goal [51]. Although
these technologies are still in the experimental stage, considering the practical need to
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reduce microseismicity and the urgent need for this technology in other fields, it can be
determined that a comprehensive technology for directional fluid injection and temporary
sealing of fractures will be established in the future.

4. Discussion

In situ stresses and natural fractures constitute inherent geological constraints be-
yond operational control. Consequently, optimization of fracture network complexity
and suppression of induced seismicity must be achieved through engineered stimulation
parameters, particularly fluid injection methods. Thus, in addition to the continuous injec-
tion method, two additional injection methods (e.g., cyclic injection and stepped injection)
were considered (Figure 16). For the cyclic injection, each injection lasts for 100 s, with an
interval of 20 s between injections. A total of 60 cyclic injections were performed, resulting
in a cumulative injection volume of 612 m? (Figure 16a). For the stepped injection, five
consecutive stages of stepwise-increasing injection last for 10 h (e.g., 4 = 0.1, 0.5, 1.0, 1.5
and 2.0 m3/min). At the end of 10 h, the maximum injection rate was 2.0 m3/min, and
the total injection volume was also 612 m® (Figure 16b). On this basis, we analyzed the
spatiotemporal evolution of microseismic events during different hydraulic fracturing
treatments to establish seismicity mitigation strategies for EGS development.
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Figure 16. The cyclic injection (a) and stepped injection (b) schemes.

4.1. Effects of Injection Method on Spatial Distribution

Figure 17 compares the microseismic event distributions after 10 h of continuous,
stepped, and cyclic injection protocols. The spatial distributions exhibited negligible
variation between continuous and stepped injection treatments. Given that event spatial
patterns are primarily governed by natural fracture networks and the extent of fluid
propagation, the effect of stepped injection on the spatial distribution of microseismic
events is small. Its predominant influence manifests in altered magnitude distributions,
particularly through enhanced clustering of higher-magnitude events.

Compared to stepped injection and cyclic injection, the number of microseismic events
induced by cyclic injection is obviously larger than that of continuous injection and stepped
injection. This is because the fluid migration range of the cyclic injection is larger than
that of the continuous injection and stepped injection by periodic stimulation. Thus, cyclic
injection can activate more shear fractures and form a larger fracture network in HDR.

4.2. Effects of Injection Method on Frequency and Magnitude

Figure 18 presents the magnitude and frequency distributions following 10 h con-
tinuous, stepped, and cyclic injection treatments. All three regimes exhibit power-law
distributions that are consistent with characteristic fracturing processes. Cyclic injection
elevates lower-magnitude event density while suppressing higher-magnitude occurrences.
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Conversely, stepped injection induces fewer total events, but exhibits systematically ele-
vated magnitudes relative to the other methods.

(a) (b) (c)

Figure 17. Comparison of microseismic event distributions after 10 h for (a) continuous, (b) step, and
(c) cyclic injection.
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Figure 18. Histograms of magnitude and frequency distribution after 10 h of continuous, step, and
cyclic injection: (a) Count statistical and (b) Relative Frequency statistical results.

Unlike stepped injection, cyclic injection is a periodic stimulation in which fluid
injection is often interrupted at low intervals. This operational mode facilitates progressive
pressure dissipation during shut-in intervals, yielding lower peak fracture pressures, but
broader spatial fluid propagation. Consequently, cyclic protocols exhibit a differential
magnitude spectrum: they elevate frequency density of low-magnitude microseismicity
while suppressing high-magnitude events relative to alternative injection methods.

Stepped injection exhibited lower peak magnitudes during stimulation compared to
the other protocols (Figure 19a), while achieving a near-identical post-stimulation max-
imum magnitude of My —0.601 (My, 0.275) for continuous injection (Figure 19b). This
temporal evolution arises from the initial low injection rates limiting early fracture pressur-
ization, followed by progressive magnitude escalation as the injection rates increase. Cyclic
injection yields a terminal maximum magnitude of My, —0.64 (Mg, 0.241) (Figure 19b),
which is statistically comparable to the values from continuous injection and stepped
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injection. These observations demonstrated the marginal effectiveness of cyclic injection
for maximum-magnitude attenuation.
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Figure 19. Comparison of number and maximum magnitude of microseisms between different
injection methods: (a) Count statistical and (b) maximum magnitude statistical results.

Although cyclic injection is advocated over continuous and stepped methods for
enhanced natural fracture activation and stress relaxation through periodic pressure re-
duction, its effectiveness in seismic hazard mitigation is limited. Although cyclic protocols
can improve the overall reservoir permeability with reduced seismicity risk, suboptimal
magnitude attenuation persists. According to the simulation results, cyclic injection can
reduce the maximum magnitude of microseismic events, but this can also lead to more mi-
croseismic occurrences. However, considering that the main focus during site development
is still on the magnitude of microseismic events, this injection method is helpful to some
extent. Field data from HDR reservoirs demonstrate that injection scheduling adjustments
fail to prevent significant microseismic events when the critical volumetric thresholds are
exceeded. This is consistent with the understanding of our model. Fundamentally, all injec-
tion methods induce large-magnitude seismicity when a sufficient fluid volume generates
critical pressures in optimally oriented fractures (e.g., near-wellbore natural fractures at an
angle of 45° to the maximum principal stress). To address this, we propose supplementing
cyclic stimulation with a targeted fluid injection into high-risk fracture networks. This
engineered approach restricts the pressure buildup in critically stressed fractures while
maintaining enhanced permeability gains.

5. Conclusions

This study employed a hydromechanically coupled 3D distinct element model im-
plemented in 3DEC to simulate fracture reactivation dynamics and associated microseis-
micity during hydraulic stimulation. The intrinsic relationship between the distribution of
injection-induced microseismic events and the spatial distribution and fracturing behavior
of fractures was qualitatively analyzed using numerical simulation methods. Through
spatiotemporal analysis of the induced seismicity, we identified critically stressed fracture
networks prone to large-magnitude events and proposed targeted mitigation strategies.
Key findings include:

(1) The microseismic event distribution exhibited an incomplete correlation with the fluid
pressure fields. Proximal to the injection point, where the fluid pressure exceeds the
stress on the fracture plane, tensile fracturing dominates, with negligible microseis-
micity. Conversely, in distal regions, where the fluid pressure remains insufficient
to overcome fracture closure stress and significantly reduce frictional resistance, the
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shear failure potential increases proportionally with the fluid pressure elevation. This
produces a strong spatial correlation between the fluid pressure distribution and
concentrated microseismic activity because elevated fluid pressure directly enhances
the effective shear stress along critically oriented fractures.

(2) Hydraulic fracturing induced microseismicity localizes preferentially to discrete frac-
ture subsets rather than being distributed uniformly across all fractures. The fractures
that were distributed at 45° from the direction of the maximum principal stress or at
45° from the principal stress were more likely to produce a concentration of micro-
seismic events. The closer the fractures are to such features, the more likely a large
number of microseismic events will occur during the hydraulic fracturing.

(3) The maximum magnitude of the induced seismicity occurs only on specific fractures.
The magnitude of the induced seismicity depends mainly on the fracture orientation
and intra-fracture fluid pressure. When the angle between the fracture and maximum
principal stress was 45°, the shear stress on the fracture was larger, and the induced
microseismic events were stronger. Additionally, fractures near the injection point usu-
ally have a higher fluid pressure, which can also induce stronger microseismic events.
Consequently, mitigation strategies should focus on preventing the development
of critically high fluid pressures within the natural fractures near the injection well,
particularly those oriented near 45° to the maximum principal stress. This necessitates
the maintenance of fluid pressures below the local normal stress acting on the fracture
plane.

(4) Cyclic injection promotes shearing across a greater population of natural fractures
while potentially reducing induced microseismic magnitudes through pressure re-
laxation during each injection hiatus. However, regardless of the specific injection
protocol employed, surpassing a critical volumetric threshold may enable the de-
velopment of critically elevated fluid pressures within fractures susceptible to large
seismic events. Consequently, such pressures can trigger high-magnitude seismicity.
Therefore, for cyclic hydraulic fracturing operations to enhance earthquake risk miti-
gation, it is recommended to implement measures within these susceptible fractures to
prevent fracturing fluid from flowing into high-risk fractures (such as using packers,
segmented fracturing, and temporary plugging techniques).

In this study, the discrete element model established using DFN includes some as-
sumptions, such as the simplification of DFN, the assumption that the bulk matrix is
impermeable, and the assumption of bulk elasticity. In addition, as discussed earlier, the
calculation of microseismic magnitude by the model will be affected to some extent by
the grid size (but will not affect the final results), which will lead to some differences
between the model in this study and reality. However, the primary aim of this study is
to analyze the associations between microseismic activity, fracture behavior, and fracture
distribution; the conclusions drawn are qualitative conditions applicable to general site
conditions and do not provide quantitatively precise predictive results. Therefore, the
existing discrepancies of DFN do not fundamentally affect the conclusions. Nevertheless,
due to the lack of field-measured microseismic data, future research should still develop
more refined site-specific fracture models based on measured microseismic and fracture
behavior data, and further conduct in-depth analyses of the relationships between fracture
behavior and microseismic activity.
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Nomenclatures

DFM  Discrete Fracture Model

DEN  Discrete Fracture Network
EGS  Enhanced Geothermal System
FMI  Formation Micro-Imager
HDR Hot Dry Rock

HF Hydpraulic Fracturing

MP Microseismic Plane
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