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Hydraulic fracturing technology has played an important role in the exploitation of unconventional oil and
gas resources, however, its application to gas hydrate reservoirs has been rarely studied. Currently, there is
still limited understanding of the propagation and extension of fractures around the wellbore during the
fracturing process of horizontal wells in hydrate reservoirs, as well as the stress interference patterns
between fractures. This study simulates hydraulic fracturing processes in hydrate reservoirs using a fluid-
solid coupling discrete element method (DEM), and analyzes the impacts of hydrate saturation and
geological and engineering factors on fracture extension and stress disturbance. The results show that
hydraulic fracturing is more effective when hydrate saturation exceeds 30% and that fracture pressure
increases with saturation. The increase in horizontal stress differential enhances the directionality of
fracture propagation and reduces stress disturbance. The distribution uniformity index (DUI) reveals that
injection pressure is directly proportional to the number of main fractures and inversely proportional to
fracturing time, with fracturing efficiency depending on the spacing between injection points and the
distance between wells. This work may provide reference for the commercial exploitation of natural gas
hydrates.
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1. Introduction

Natural gas hydrates are recognized as a promising source
of clean energy with the potential to replace conventional oil
and gas resources in the 21 century. Abundant hydrate
deposits have been found in continental shelf sediments and
continental permafrost regions (Sun CY et al., 2011). The
estimated reserves of natural gas in hydrates are about twice
the amount of conventional fossil energy resources (Ruppel
CD and Kessler JD 2017; Shaibu R et al., 2021; Su PB et al.,
2024). In the Shenhu area of the South China Sea, China has
conducted two consecutive hydrate production trials, the
second of which employed horizontal well fracturing
technology (Li JF et al., 2018; Ye JL et al., 2020). Despite
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advancements in both daily and cumulative gas production,
achieving commercial production remains a challenge (Chen
XJ etal., 2022; Chen MT et al., 2023a). Therefore, enhancing
horizontal well fracturing is essential for achieving
commercial production of hydrate resources (Wu P et al.,
2020; Xu JC et al., 2023; Li XY et al., 2024b).

Both horizontal well fracturing and simultaneous
hydraulic fracturing in multiple horizontal wells have been
adopted in the field of unconventional oil and gas
development (Lei Q et al, 2022; Zhao JZ et al., 2018).
Horizontal well fracturing increases the effective contact area
between the wellbore and the reservoir compared to
traditional vertical well fracturing (Liao SZ et al., 2022).
Simultaneous hydraulic fracturing in multiple horizontal wells
further enhances the complexity of the induced fracture
network, leading to improved operational efficiency and cost
reduction. In contrast, hydrate reservoirs are typically
characterized by weak cementation and lack of consolidation
among sedimentary particles, and low permeability (Li YH et
al., 2021; Zhang Z et al., 2023; Dong L et al., 2024; Zhang
YC et al., 2022). However, the hydrate in sedimentary pores
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strengthens the cementation among these particles, rendering
the mechanical properties of hydrate-bearing sediments
(HBS) being similar to those of consolidated rocks (Jung JW
and Santamarina JC 2011). Research has shown that hydrate
reservoirs can be effectively fractured, offering the potential
for enhancing the extraction efficiency of gas hydrates. (Feng
YC et al., 2019; Sun JX et al., 2019; Wang ZY et al., 2018).
Too JL et al. (2018) carried out three-point bending
experiments on HBS with different hydrate saturations and
found that HBS with high hydrate saturation exhibited similar
fracture toughness to sandstone samples. Konno Y et al.
(2016) conducted fracturing experiments on HBS and
observed that the fracturing damage pattern of HBS also
showed similarities with sandstones. The permeability of the
samples still increased to some extent after fracture closure
compared to before fracturing. Subsequent studies (Ma KL et
al.,, 2023; Li B et al., 2024a) further indicated that HBS
becomes more brittle with increasing hydrate saturation, and
the use of high-viscosity fracturing fluids would increase the
number of fractures produced. Using an analytic hierarchy
process-entropy method, Liu XQ et al. (2020) found that the
feasibility of fracturing on HBS can be evaluated using a
feasibility index determined by hydrate saturation, mineral
composition and stress anisotropy. Although research based
on physical experiments has made some progress, these
methods are limited by factors such as the difficulty of sample
preparation and high costs, making it challenging to achieve a
deep understanding of the fracturing mechanisms in hydrate
reservoirs (Li FG et al., 2019). Commonly used numerical
simulation methods for hydraulic fracturing in oil and gas
reservoirs include Finite element method (FEM), Finite
Difference Method (FDM) and Discrete element method
(DEM) (Chen MT et al., 2023b). Liu Y et al. (2023) used
hydraulic fracturing-assisted depressurization development to
simulate hydraulic fracturing of hydrate reservoirs in the
South China Sea and found that hydraulic fracturing can
significantly increase gas production in low-permeability
reservoirs. Using the FEM, Chen C et al. (2000) demonstrated
that hydraulic fracturing increases the hydrate decomposition
rate by four times compared to single-well depressurization.
However, this method cannot to capture inter-fracture
interactions and reservoir non-homogeneity caused by hydrate
distribution, which is a significant limitation (Deng SC et al.,
2014). DEM is more appropriate as it accurately represents
the mechanical response of the material and accurately
captures the initiation, propagation, and final pattern of
fractures (Ishida MT 2011; Ding YL et al., 2022). Yao YX et
al. (2021) found that hydrate reservoirs with higher hydrate
saturation were able to produce effective main fractures after
hydraulic fracturing. Liu H et al. (2023) embedded a discrete
fracture model in Tough+Hydrate to simulate hydraulic
fracturing in clay hydrate reservoirs and found that hydraulic
fracturing, led to a significant increase of approximately
300% in methane production. Yu T et al. (2021) established a
horizontal well fracturing model for low-permeability
multilayer hydrate reservoirs using test-mining field data from

the Shenhu Sea area in the South China Sea and found that the
horizontal fracture could greatly promote the long-term
production of natural gas from the reservoir. The stress
distribution and fracture network within reservoirs become
more intricate when multiple horizontal wells undergo
simultaneous fracturing. However, current research on these
issues remains inadequate.

This study employs coupled fluid-solid DEM to
investigate fracture propagation patterns and stress
disturbances between fractures during the simultancous
fracturing of horizontal wells in hydrate reservoirs. The
influence of various factor on the fracturing efficacy was
quantitatively assessed using the fracture distribution
uniformity index. The results are expected to provide valuable
insights for well pattern deployment and fracturing parameter
in hydrate reservoirs.

2. Numerical model

A DEM is used to simulate the movement, deformation,
and interaction of particles to characterize and analyze the
overall mechanical behavior of a material. With this method,
micromechanical parameters (such as bond strength and
friction coefficient) play a pivotal role in determining the
model's accuracy. To enhance the model’s applicability and
precision, calibration using experimental data is essential. In
this study, the micromechanical parameters of the numerical
model are calibrated with physical experiments to accurately
reproduce the model's mechanical properties. Furthermore, a
hydraulic fracturing model for hydrate reservoirs was
established, employing  micromechanical  parameters
calibrated using triaxial compression experimental data. The
calibrated fluid parameters ensure the validity and accuracy of
the fracturing simulation.

2.1. Discrete element method for fluid-solid coupling

Force and displacement are shown in the DEM through a
bonding model between particles (Tavarez FA and Plesha ME
2007). Different materials require the selection of appropriate
bonding models based on their constitutive models. In this
study, the mechanical model of HBS was simulated using the
parallel bonding model. The model consists of a collection of
springs with tangential and normal stiffness, generating forces
and moments within the bond as particles move relative to
each other. When the forces and moments exceed the bond
strength, bond failure occurs (Eq. 1). Subsequently, these
forces and moments are removed from the bond, resulting in
fracturing (Fig. 1a):

o= F—_\+BHM/_)HR
A 7 [ (1)
p— F‘\
T=—
A

Wheredis the parallel bond strength, MPa; F“\‘is the
normal force, MPa; £ is the tangential force, MPa; ;7 is the
bending moment, kN/m; pis the average radius of the two


https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031

Zhang et al. / China Geology 8 (2025) 765-778 767

(a) Shear bond resistance

Bond stiffness

Anti-rotational bonding

Parallel bond
Broken parallel bond

(C)
Equation of motion }
. Updated ‘,

“h
. Update . :
1 L contact force I

)

[ Force-displacement

relationship

Fig. 1.

contacting particles, m; Ais the cross sectional area of the
particles, mz; I is the moment of inertia, m*; and B is the
moment contribution factor.

Fig. 1b illustrates the fluid-solid coupling schematic in the
DEM model, which comprises two main components: parallel
plate pipeline and domain (Zhou J et al., 2016). The yellow
color represents material particles, the blue areas enclosed by
particles represent the domains, and the black short lines
denote particle contacts. The fluid-solid coupling model based
on DEM involves two critical concepts: flow channels and
domains. In this model, the contacts between particles are
treated as pairs of parallel plates with an initial aperture.
These contacts not only transmit loads but also serve as flow
channels for fracturing fluid. The domain refers to the pore
space formed by several adjacent particles. These domains are
interconnected by flow channels, forming a complete fluid
flow network.

Fig. 1c presents the computational logic of fluid-solid
coupling in the DEM model. With the injection of fluid, the
pressure difference between adjacent domains changes due to
factors such as fracturing fluid volume changes and particle
movements, driving the fluid transfer through the flow
channels. The net fluid flow variation in the domains induces
changes in the local pore pressure. This variation in pore
pressure further influences the movement of particles
surrounding the domains, leading to changes in the volume of
the domains and the apertures of the flow channels. During
the hydraulic fracturing process, the flow of fracturing fluid
and the movement of particles interact, jointly participating in
the fluid-solid coupling computation.

In the coupled fluid-solid model, the fluid within the
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Schematic diagram of DEM fluid-coupling model. a—parallel bonding model. b—fluid-solid coupling element model. c—calculation pro-
cedure of hydro-mechanical model (modified from Zhou J et al., 2016).

parallel plates is presumed to exhibit laminar flow
characteristics. The volumetric flow rate of the fluid flowing
through the interstitial channels between particles adheres g;
to Eq. 2:

w® Ap;

L= — 2
9= @

where w is the initial runner opening, m; Ap, is the pressure
difference between the two domains, MPa; p, is the fluid
viscosity coefficient, Pa.s; /; is pipe length, m.

The model undergoes iterative calculations to update the
pore pressure within the storage area. The pressure differential
Ap; P of pore water in the same storage area can be expressed
as:

K
Apy = 7/(2 q:At = AVy) ?3)
d

where K, is fluid bulk modulus, pa.s; V, is volume of
water between particles, m®; A7 is Fluid injection time, s.

During the solution process, it is imperative that the
change in inlet pressure remains below the perturbation
pressure. The critical time step At is defined as follows:

24u,RV,

Ar="2""1 4
NK ;? @

2.2. Numerical model establishment and validation

To ensure that the numerical model for hydraulic
fracturing in hydrate reservoirs accurately reflects the
mechanical properties of actual reservoirs, this study


https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031

768

calibrates the micromechanical parameters by comparing the
triaxial compression numerical model with physical
experimental data. The physical experimental data were
obtained from our team previous undrained triaxial shear
experiments conducted on fine-grained sediments in the
Shenhu area of the South China Sea (Wei RC et al., 2023).
The samples are fine-grained sediments from the Shenhu
area of the South China Sea. The experimental data include
stress-strain relationships of sediments with 30% and 50%
hydrate saturations under a pressure of 2 MPa. Using the
parallel bonding model described in Section 2.1, a standard
specimen without hydrate was generated with a diameter of
38 mm and a height of 76 mm. To maintain consistency with
the consolidation degree of the physical experimental
samples, in-situ stresses were applied post-model generation
to ensure particle contact. The hydrate particles were then
randomly generated in the pores between the sediment
particles according to the preset hydrate saturation (Eq. 5) and
dispersed through full contact movement between the
sediment particles and hydrate particles (Fig. 2a). Modeling
results show that hydrates exist in sediment pores in three
configurations: Cemented, load-bearing granular, and cement
pore-filling. This approach aligns with the research conducted
by Yao YX et al (2021). Numerical models with 30% and
50% hydrate saturations were established, with the
micromechanical parameters between particles iteratively
adjusted to accurately reflect the models’ micromechanical
properties. First, the mechanical parameters of the triaxial
shear numerical model were calibrated with the experimental
results of samples with 30% hydrate saturation. The
parameters including parallel bond normal strength, internal
friction angle and stiffness ratio were adjusted to align the
simulation outcomes with the experimental data.
Subsequently, the calibrated model was verified using
experimental results from samples with 50% hydrate
saturation. If significant discrepancies were observed between
the numerical simulation and the experimental results, further
adjustments were made to the parameters derived from the
30% saturation model until the stress-strain curves from both
the simulation and experimental results were in good
agreement. To minimize boundary effects on simulation
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granular

Cementing

76 mm

Cement pore
filling

8 mm

Deviator stress/MPa
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12

o
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results, the model boundary was constrained by filling the
medium with small particles to maintain the required
confining pressure (Li ZF et al, 2022). The confining
pressure was set at 2 MPa, and the loading rate was
0.04%/min to ensure quasi-static loading of the model.

(5)

where S, is sample hydrate saturation, %; n is number of
hydrate particles; P, is individual hydrate particle area; V, is
sediment porosity; S, is total sample area, m>.

Table 1 shows the results of the calibrated numerical
model micromechanical parameters, compared with physical
experimental data under different hydrate saturation
conditions. The numerical simulation results (Fig. 2b) reveal
that the stress-strain curve trends from physical experiments
and simulations conducted under different saturation
conditions are largely in agreement. The peak strength of the
samples increases with higher hydrate saturation. This
increase is attributed to the dual role of hydrates in both
cementation and increasing the overall sediment density
(Hyodo M et al., 2017). The failure mode of the sample is
shear failure. Before reaching the peak deviator stress, the
model shows a high degree of agreement with the physical
experimental results, indicating a better correlation.
Consequently, the micromechanical parameters of the model
are considered accurate at this stage (Gu XQ et al., 2014).

The micromechanical parameters calibrated by the triaxial
shear numerical model are used to establish a hydraulic
fracturing model for a single-well hydrate reservoir (Fig. 3a).
The model is a square of 50 m side length has a closed
boundary. To ensure effective hydraulic fracturing, the model
was validated by comparison with the established model of
Yao YX et al. (2021). Hydrate saturation was maintained at
50% in accordance with the cited literature, and the maximum
and minimum horizontal stresses (Gg,q, and 6y,,;,) Were set at
4 MPa and 2 MPa, respectively.

The injection point was located at the center of the
reservoir, and the injection pressure was set at 10 MPa and
held constant until the reservoir fractured. Fig. 3b shows the
simulation results of the fracturing behavior validation model.

(b) = Wei et al., 2023 (30%)
—— Wei et al., 2023 (50%)

—=—Numerical model (30%)

—— Numerical model (50%)

4 6
Strain/%

Fig. 2. Numerical model calibration results. a—triaxial shear numerical model for HBSs. b-numerical model and experimental stress-strain

curve with different saturation.


https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031

Zhang et al. / China Geology 8 (2025) 765-778 769

Table 1. Micromechanical parameters of the numerical model.

Micro-parameters Deposit Hydrate Hydrate and

Sediment deposit Sediment
cement

Minimum particle size/m 0.1 0.06 \

Maximum to minimum 1.66 1 \

particle size ratio

Density/Kg.m > 2730 900 \

friction coefficient 0.5 0.8 0.8

Parallel bond normal 6 10 10

strength/MPa

Parallel bond shear 7 10.5 10.5

strength/MPa

Internal friction angle/° 30 35 35

Stiffness ratio 0.8 1.2 1.2

It can be seen that with the number of fractures remaining
constant, the well pressure increases linearly until new
fractures are formed. Especially, fracture propagate vertically
in bi-wing fracture form along the maximum horizontal
principal stress direction. The fracture pattern is not
symmetrical and bifurcates with increasing extension
distance. The simulation results demonstrate the fracture
initiation and propagation processes are consistent with
fracture mechanics theory and the experimental results of
Zhou J et al. (2010).

2.3. Simulation scheme

During hydraulic fracturing, fracture initiation and
propagation are influenced by both geological and
engineering factors. Based on the research by Liu XQ et al.
(2020) research on the fracture ability of hydrate reservoirs
and the direction of well network optimization in actual
fracturing processes, this study identified five factors that
significantly affect fracturing: Hydrate saturation, horizontal
stress differential, injection pressure, injection point spacing,
and horizontal well spacing. A model was constructed for the
simultaneous fracturing of two horizontal wells in a 50 m x
50 m square hydrate reservoir, as shown in Fig. 4. In the

0} Imax‘

Otimin

|:{>§

A4

50 m

L)

models with different saturation levels, the specific number of
particles is as follows: The model with 20% hydrate saturation
contains 21026 particles; the model with 30% hydrate
saturation contains 23056 particles; the model with 50%
hydrate saturation contains 27812 particles; and the model
with 70% hydrate saturation contains 32904 particles. Each
horizontal well was set up with four injection points, where d
is the injection point spacing and h is the spacing between the
two horizontal wells. The orthogonal experimental method
was used for the experimental design, and the simulation
scheme is detailed in Table 2. The baseline model, numbered
0-0, has micromechanical and fluid parameters that are the
same as the fracture behavior validation model described in
section 2.2. During the simulation, only the factors to be
studied were changed, while the other micromechanical and
fluid parameters of the model remained consistent with the
baseline model (0-0).

3. Simulation results

3.1. Influence of different hydrate saturations on fracture
propagation

Fig. 5 shows the fracture distribution in hydrate reservoirs
with different hydrate saturations post-fracturing. In hydrate
reservoirs with 10% hydrate saturation, the poorly
consolidated area around the perforation points is rapidly
invaded by fluid after fracturing, leading to hydrate reservoir
damage and the creation of numerous fractures. When hydrate
saturation exceeds 30%, the reservoir develops main fractures
in different directions. Due to the in-situ stresses, these
fractures do not interconnect to form a fracture network. As
hydrate saturation increases, the cementation strength between
sediment particles significantly increases, necessitating higher
fluid pressures within fractures to induce reservoir rupture.
Moreover, the different mechanical properties of hydrate and
sediment lead to fracture bifurcation and deviation.

Fig. 6 shows the breakdown pressure and fracture
propagation trends in reservoirs with different hydrate

24 (b) Injection point 400

{ §
2} i
A B C D 1300
16| = Injection pressure

= Cumulative fracture number

"o

1200

Injection pressure/MPa

1100

Cumulative fracture number

0
0 2 4 6 8 10 12
Time step/x10°

Fig. 3. Hydraulic fracturing model and fracturing calibration of hydrate reservoir. a—fracture behavior validation model. b-hydraulic fractur-

ing model validation results.
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saturation. The cumulative number of fracture refers to the
total number of fractures formed in the HBSs when the bonds
between sedimentary particles and hydrate particles are
destroyed by bonding forces under the action of fluid
pressure. The number of hydrate fractures specifically refers
to the fractures formed between hydrate particles due to the
failure of bonding forces under fluid pressure. The curves
show that the increase in reservoir breakdown pressure
increases as hydrate saturation increases (Fig. 6a).
Additionally, the number of fractures within the hydrate area
increases after fracturing as hydrate saturation increases.
Therefore, hydraulic fracturing can effectively alter the
occurrence state of hydrate as saturation increases. The radius
of fracture extension post-fracturing represents the scale of
hydraulic fracturing to some extent (red circles in Fig. 5a).
When hydrate saturation is below 50%, the average fracture
extension radius increases with increasing hydrate saturation.
When the hydrate saturation is higher than 50%, the average
fracture extension radius remains relatively unchanged,
indicating that fracture formation and propagation are affected

aHma‘

Horizontal
well 1

l d d I d l
Oimin S
g =|d2
2 e, <
i Horizontal ;
well 2

v Injection points

A
v

50 m

1

Fig. 4. Modeling of horizontal well fracturing in hydrate reservoirs.

to different degrees at different hydrate saturation levels
(Fig. 6b).

3.2. Effect of different horizontal stress differences on fracture
propagation

The distribution of fractures in hydrate reservoirs under
different horizontal stress differentials is shown in Fig. 7
When the horizontal stress difference is 0 MPa, multiple main
fractures are formed around the injection points, particularly
diverging between the two injection points. In this scenario,
the formation of fractures is significantly influenced by the

Table 2. Fracturing simulation scenarios with different
influencing factors.
Model Hydrate Horizontal Injection Injection Horizontal
number saturation/ stress pressure/ point spacing/ well spacing/
% difference/ MPa m m
MPa
0-0 50 2 10 10 16
1-1 10 2 10 10 16
1-2 30
1-3 50
1-4 70
2-1 50 0 10 10 16
2-2 2
2-3 4
2-4 6
3-1 50 2 5 10 16
3-2 10
3-3 15
34 20
4-1 50 2 10 10 8
4-2 12
4-3 16
4-4 20
5-1 50 2 10 6 16
5-2 10
5-3 14
5-4 18

Fig. 5. Fracture distribution after reservoir fracturing under different hydrate saturation. a—hydrate saturation 10%. b—hydrate saturation 30%.

c-hydrate saturation 50%. d—hydrate saturation 70%.
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distance between adjacent injection points, resulting in a
multi-fracture damage pattern. At a horizontal stress
difference of 2 MPa, fractures predominantly propagate in the
direction of the maximum horizontal principal stress, resulting
in multiple branching cracks near the injection points.
Increasing the differential horizontal stress reduces the
number of branch fracture around the injection point, causing
the fractures to primarily extend in the direction of the
maximum horizontal principal stress. An increase in the
horizontal stress differential is noted to reduce the impact of
injection point spacing on fracture propagation. When the
fracture tips of two horizontal wells approach each other,
bifurcation and deviation of the tips occur, indicating an
enhanced influence of horizontal well spacing on fracture
propagation.

Fig. 8 shows the relationship between the number of
fractures, time steps, fracture pressure, and fracture extension
radius under different horizontal stress differentials.
Increasing the horizontal stress differential shortens the time
required for reservoir rupture and reduces the cumulative
number of fractures. Under conditions of low horizontal stress
differential, multiple shorter main fractures predominate;

450
18 _(a) —m— Fracture pressure
—#— Number of hydrate fractures 1400
£ 16} E
Q
2] 1350 £
& 430072,
s =
% 12+ &
= 1250 3
210+t =
m =
4200 #
8 -
1 1 1 ]50
0 20 40 60 80

Hydrate saturation/%

however, with higher stress differences, bi-wing fractures
with longer extension radii are generated. The breakdown
pressure of the reservoir decreases as the horizontal stress
difference increases.

3.3. Effect of fluid injection pressure on fracture propagation

Fig. 9 shows that at an injection pressure of 5 MPa, only a
few fractures are initiated at certain injection points by the
500" time step. As the time step progresses, gradual damage
and the formation of short fractures occur around the injection
point. During this phase, the fracturing fluid mainly infiltrates,
causing limited damage to the hydrate reservoir. At an
injection pressure of 10 MPa, the post-fracturing fracture
network is more complex than at 5 MPa, characterized mainly
by bi-wing fractures parallel to the maximum horizontal
principal stress direction with some branching fractures. As
the injection pressure is further increased, multiple main
fractures develop around the injection points, and microcracks
emerge due to stress perturbations. When an injection
pressure of 20 MPa is reached, several main fractures and a
significant number of branching fractures appear around the
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Fig. 6. Breakdown pressure and fracture propagation trends in reservoirs with different hydrate saturation. a—breakdown pressure and number
of hydrate fractures. b-cumulative number of fracture and extension radius.

Fig. 7. Fracture distribution after reservoir fracturing under different horizontal stress differential. a—horizontal stress differential of 0 MPa.
b-horizontal stress differential of 2 MPa. c-horizontal stress differential of 4 MPa. d-horizontal stress differential of 6 MPa.
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injection points and connect.

Fig. 10 shows the relationship between fractures and time
steps in hydrate reservoirs, as well as the variation of hydrate
reservoir breakdown pressure and fracture extension radius
with fluid injection pressure. Higher injection pressures lead
to rapid fracture formation in the early stages of fracturing,

with a rapid increase in the number of fractures over time
(Fig. 10a). As the injection pressure rises, both the number
of fractures and their extension radii increase significantly
(Fig. 10b). Moreover, the increased intra-fracture pressure
exerts a greater force on the reservoir, thereby extending the
fracture distance. At the same time, increased intra-fracture
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fluid pressure is more likely to induce hydrate reservoir
damage in multiple directions and increase the number of
fractures.

3.4. Effect of injection point spacing and horizontal well
spacing on fracture extension

Fig. 11 and Fig. 12 show the distribution of fractures and
post-fracturing stresses as a function of injection point and
horizontal well spacing. An injection point spacing of 6 m and
a horizontal well spacing of 8 m result in extensive areas of
elevated stress between the points. As a result, fractures
deviate from the maximum horizontal principal stress
direction, forming multiple main fractures. During this phase,
inter-well  fracture interference phenomena are more
pronounced. Increased spacing between injection points and
horizontal wells further weakens the areas of high stress

(a) (b)

5-1 5-2
Time step=10000 Time step=10000

Otimin/ MP2. I .
1 8 18

between wells, leading to fractures extending predominantly
in the maximum horizontal principal stress direction with a
few branching fractures. Further increases in both injection
point and horizontal well spacing lessen the effect of inter-
fracture stress perturbation, decrease the number of main
fractures, and form a small number of branching fractures
near the injection points. Near the model boundaries, fractures
show turning and bifurcation because of in-situ stresses, while
central fractures expand predominantly along the maximum
horizontal principal stress direction.

Hydrate reservoir breakdown pressure is negatively
correlated with injection point spacing and horizontal well
spacing (Fig. 13). This trend is attributed to the fracturing
fluid injection rate exceeding the reservoir filtration loss rate,
leading to compaction of the reservoir near the injection
points and increasing its mechanical strength. By increasing
the distance between injection points and horizontal

(c)
5-3
Time step=10000

Fig. 11. Fracture distribution and stress cloud after model fracturing with different injection point spacing. a—injection point spacing 6 m. b—in-
jection point spacing 10 m. c—injection point spacing 14 m. d—injection point spacing 18 m.
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Fig. 12. Fracture distribution and stress cloud after model fracturing with different horizontal well spacing. a—horizontal well spacing 5 m. b-
horizontal well spacing 12 m. c-horizontal well spacing 16 m. d—injection point spacing 20 m.
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wellbores, mutual interference among fractures near adjacent
injection points is reduced, as well as the stress perturbations
induced by water injection. As a result, fractures appear as bi-
wing fractures with a corresponding increase in both their
number and extension radius.

4. Discussion

4.1. Analysis of the effects of various factors on fracture
propagation

Numerical simulations reveal the multiple influences of
different factors on fracture initiation and propagation. The
pore network model shows hydrate formation within sediment
pore spaces changes the size, shape, and connectivity, thus
affecting the reservoir porosity and permeability (Blunt MJ et
al., 2002). As hydrate saturation increases, more pores are
filled, leading to reduced porosity and permeability. At the
same time, hydrates increase the elastic modulus and cohesion
of the reservoir (Ye JL et al., 2020), raising breakdown
pressure and making fracture initiation and propagation more
difficult. Changes in the horizontal stress difference affect the
direction of fluid seepage of the fluid. Under low horizontal
stress difference, multidirectional seepage leads to broader
fluid diffusion, compressing the reservoir near the injection
point and increasing mechanical strength and fracture
pressure. When the horizontal stress difference aligns the fluid
seepage in the direction of the maximum principal stress, the
well pressure peaks rapidly, triggering reservoir fracturing.
This rupture process significantly influences the initiation,
propagation, and ultimate failure mode of fractures.

Hydrate saturation and horizontal stress differences
influence fracture initiation and propagation by altering the
basic physical properties and geological conditions of the
reservoir. Injection pressure, injection point spacing, and
horizontal well spacing affect fracture initiation and
propagation by altering the reservoirs stress distribution. Low
injection pressure has a minimal impact on the final damage
pattern of the hydrate reservoir. However, high injection
pressures result in fracturing fluid discharge at a rate
exceeding seepage, thereby modifying the stress field around

the injection point. This leads to hydrate reservoir compaction
and elevated fracture pressure. Reduced injection point and
horizontal wellbore spacing cause more pronounced changes
in the hydrate reservoir stress state, leading to extensive areas
of contiguous or overlapping high stress. These changes
further increase fracture pressure, alter fracture propagation
paths and hydrate reservoir failure modes, and significantly
increase inter-fracture and horizontal wells interference
phenomena.

4.2. Fracture distribution uniformity index

Statistical analysis of the quantity and spatial distribution
of fractures is crucial for evaluating the efficacy of hydraulic
fracturing operations (Duan K et al., 2021). The concentration
or dispersion of the fracture distribution plays a key role in
determining the hydrate recovery ratio. This research
employed the distribution uniformity index (DUI) proposed
by Peng PH et al. (2017) to quantitatively assess the effect of
various factors on fracturing effectiveness. The stratigraphic
interval was segmented into 2°x2" squares. The number of
squares containing fractures, denoted as g(n), and the DUI is
defined as the ratio of g(n) to the total number of squares (Eq.
6). A DUI of 0, indicating highly concentrated fractures and
sparse distribution elsewhere, reflects poor fracturing results,
whereas a DUI of 1, with fractures in every square, indicates
ideal fracturing effects.

. gm)
fon =52

,n=0,1,2,... (6)

Fig. 14 shows the effect of different factors on the DUI.
As hydrate saturation increases, the number of post-fracturing
fractures decreases with the DUI increases. This indicates that
a higher number of fractures does not equate to better
hydraulic fracturing results at lower saturations. The reason is
that the fractures are mainly concentrated near the injection
point, leading to less effective hydraulic fracturing. Increasing
hydrate saturation increases the fracture extension radius,
thereby increasing the DUI (Fig. 14a). As shown in Fig. 14b,
there is no clear linear relationship between horizontal stress


https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031
https://doi.org/10.31035/cg2024031

Zhang et al. / China Geology 8 (2025) 765-778 775

0.5 1200
@ —o-pur .
—m - Cumulative number of fractures I
11000 £
&
3]
04r o
{800 =
— - 2
=)
a o= £
7 1600 £
03F o’ =
B E
o m 400 E
ng S
0.2 L L 200
0 20 60 80
Hydrate saturation/%
0.40 480 0.40 800
®) -o- pur (¢) -o-DUI
—m- Cumulative number of fractures (3 —m- Cumulative number of fractures 8
{460 £ [ £
0351 ] 0.35 4600 &
& gin| =
g P B
R 1440 o 5
5 L s ] 5 L o---- | 2
= 0.30 /// \\\ § 2 0.30 - 400 §
. N 1420 5 Rl . 3
// \\ % [m] é
025+ \ = 0251 4200 =
Yo 1400 g - §
= 3 — o}
.—
0.20 — - L — 380 0.20 . > . . 0
0 2 4 6 0 5 10 15 20 25
Horizontal stress difference/MPa Injection pressure/MPa
0.40 550 0.40 600
(d) -o- DUI (¢) -oO- DUI
—m~- Cumulative number of fractures 8 —m- Cumulative number of fractures 550 8
3 ) 2
0351 1500 2 0.35} g
3= 3=
= 1500
= -
= 2 =5 2
2 - i L 4
R 0.30 450 £ R 0.30 450 §
= =
o o
™ B 4400 .=
- - = < <
025 U 1400 = 0.25 =
£ 1350 §
O O
0.20 . L L 350 0.20 . . > ’ 300
4 8 12 16 20 8 12 16 20

Injection point spacing/m

Horizontal well spacing/m

Fig. 14. DUI after reservoir fracturing under the influence of different factors. a—different hydrate saturation. b—different horizontal stress dif-
ferences. c—different injection pressures. d—different injection point spacing. e—different horizontal well spacing.

differential and DUI. When the horizontal stress differential is
small, multiple main fractures appear around the injection
point. However, when the horizontal stress differential is
large, the number of main fractures decreases while their
extension distance increases, resulting in irregular variations
in the DUI index. The DUI increase with increasing injection
pressure suggesting that higher pressures increase hydrate
reservoir damage, spread fractures more widely, and enhance
the effectiveness of hydraulic fracturing. When injection point
spacing under 10 m, increasing spacing does not result in a
higher DUI (Fig. 14c). When injection points spacing exceeds
10 m, the DUI begins to increase with spacing (Fig. 14d)
because of stress disturbances between injection point. Closer
well spacing often results in interconnected fractures, leading
to well interference and uneven fracture distribution. In
contrast, increasing horizontal well spacing beyond 12 m

leads to a reduction in DUI (Fig. 14e). This decrease results
from less high stress areas between wells, causing fracture
bifurcation and steering, which enhances fracturing
efficiency. Larger horizontal well spacing reduces stress
intensity within the inter-well areas, resulting in fewer
occurrences of fracture deflection and branching, and
subsequently decreasing the uniformity of fracture
distribution.

4.3. Implications

In summary, the presence of hydrates increases the
complexity of fracture initiation and propagation in hydrate
reservoirs. This complexity poses a significant challenge to
the development of effective fracturing strategies for these
reservoirs. In practical engineering, higher injection pressures
and hydrate saturations do not always lead to better fracturing
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results. High hydrate saturation increases hydrate reservoir
brittleness and facilitates fracture initiation, but also increases
the risk of brittle damage to the reservoir and wellbore
instability. Increased injection pressure can exacerbate these
problems, making fracture area control difficult and
potentially leading to serious incidents such as submarine
slides. Additionally, hydrates may undergo secondary
formation, reducing permeability (Zhang Z et al., 2020).
Conversely, low hydrate saturation in reservoirs can lead to
sand production and wellbore plugging during fracturing. To
mitigate these risks, proppants are used, or other production
methods are integrated to ensure safety and optimum
recovery. Additionally, fracturing under low-stress differential
conditions creates complex, albeit smaller-scale fracture
networks. In contrast, high-stress differential conditions
typically result in simpler, larger-scale fracture networks.
Therefore, it's important to adjust the well completion method
based on variations in hydrate saturation within the reservoir
to balance the complexity and size of the fracture network.

The analysis of the DUI for different injection points and
horizontal well spacing scenarios, along with stress
distribution characteristics, shows an increased risk of fracture
interference with smaller horizontal well spacing. Increasing
both the injection point and horizontal well spacing can
mitigate the adverse effects of inter-well fracture interference
on operations. Numerical simulations of artificial fracture
dimensions, spatial relationships, and stress perturbations
between horizontal wells can provide guidance for optimizing
well spacing to avoid extensive interference. It’s important to
understand that although inter-well interference can negative
impact hydraulic fracturing efficiency, it can also positively
affect the overall recovery ratio of horizontal wells.
Optimizing well spacing for horizontal wells requires
balancing the prevention of adverse cross-well interference
with leveraging its benefits to enhance hydrate recovery
factors. As a result, it's essential to continuously adapt
fracturing parameters to the specific geological conditions and
reservoir properties, aiming for cost reduction and improved
efficiency in hydrate reservoir fracturing.

4.4. Limitations

This study uses a 2D model to address the visualization
challenges and high computational demands associated with
3D models. The coupled fluid-solid model simplifies fluid
flow assumptions but effectively captures fluid dynamics in
sediments, and has been successfully used in hydraulic
fracturing studies (Yao YX et al., 2021; Zhao XP et al., 2011).
In research on complex issues, 2D models are effective for the
initial investigation and validation of 3D problems. They
assume a uniform stress state perpendicular to the model
plane, allowing simulation of well and perforation spacing
impacts horizontally. Although 2D models cannot represent
vertical fracture extension, they provide valuable insights into
horizontal fracture trends and interactions, essential for
understanding fracture propagation laws and well spacing

influence, which have been shown to be effective in previous
studies (Duan K et al., 2021). However, 2D models cannot
fully capture vertical crack propagation and 3D interactions,
which may affect prediction accuracy. Further research using
3D model is needed in subsequent studies.

5. Conclusions

A numerical model for hydraulic fracturing in hydrate
reservoirs was established using fluid-solid-coupling DEM in
this study. The study investigated the effects of hydrate
saturation, along with various geological and engineering
factors, on fracture propagation around the wellbore and
evaluated the fracturing efficacy using the quantitative
evaluation methodology (DUI). The main conclusions are
succinctly summarized as follows.

(i) Breakdown pressure for hydrate reservoirs exhibits a
positive correlation with hydrate saturation. At saturations
below 30%, achieving effective fracturing in hydrate
reservoirs is difficult and requires a combination of other
production enhancement methods. In such cases, techniques
such as the use of proppants can be used to improve the
stability of hydrate reservoirs. When the hydrate saturation is
greater than 30%, hydrate reservoirs can achieve ideal
fracturing results and form more main fractures. When
dealing with high hydrate saturation, optimizing the fracturing
fluid formulation, such as using low-density and low-viscosity
fracturing fluids, can further enhance fracturing efficiency.

(i) A higher horizontal stress difference reduces the
number of branching fractures and promotes fracture
propagation in the direction of maximum horizontal principal
stress. During fracturing operations, reducing injection
pressure can increase the extension radius of fractures and can
be combined with segmental fracturing to reduce stress
interference. Concurrently, the extension radius of fractures
increases as the fracturing pressure of the reservoir decreases.
Furthermore, a greater horizontal stress difference reduces the
stress disturbance between adjacent injection points. It is
advisable to adjust fracturing parameters in real-time to
maintain the desired fracture extension and complexity.

(iii) The scale of fracturing in hydrate reservoirs expands
with increasing injection pressure, while the time required to
fracture the reservoir decreases. Extension radius of fractures
is positively correlated with injection point spacing and well
spacing. The effects of inter-well interference and stress
perturbation diminish with increased injection point spacing
and well spacing. During hydraulic fracturing, appropriately
increase injection pressure to expand fracturing scale, but
keep it within the reservoir's fracture tolerance. Designing
injection point and well spacing is critical for increasing the
crack extension radius, reduce inter-well interference, and
utilize positive inter-well interference to ensure fracturing
efficiency and construction safety.
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