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Abstract This work introduced a novel numeri-

cal approach for modelling hydraulic fracturing pro-

cesses. The Edinburgh bonded particle model was 

employed to establish the discrete element model 

of the rock samples, and it was further coupled with 

computational fluid dynamics to simulate the hydrau-

lic fracturing. The fracture propagation law was taken 

into account under various principal stress differences 

to confirm the viability of the model. In addition, the 

model was used to investigate the fracture propaga-

tion mechanism of two-hole synchronous hydraulic 

fracturing. The results indicate that the arrangement 

and spacing of two holes will affect the complexity 

of hydraulic fractures. The principal stress difference 

becomes more prominent in the direction of hydraulic 

fracture propagation with the increase in the principal 

stress difference.

Highlights 

• The Edinburgh Bonded Particle Model (EBPM) is 

employed to establish the discrete element model.

• The DEM-CFD coupling method is employed to 

model two holes synchronous hydraulic fractur-

ing.

• The hole arrangement mode, spacing between 

two holes and principal stress difference affect the 

fractures propagation.

Keywords DEM–CFD · Two holes · Synchronous 

hydraulic fracturing · Fracture propagation

1 Introduction

Hydraulic fracturing is a technology that can expand 

the fracture in the rock stratum by pumping high-

pressure fluid. It has been extensively utilized in deep 

energy exploitation, such as enhanced geothermal sys-

tems, shale gas exploitation, and the exploitation and 
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stimulation of unconventional oil and gas reservoirs 

(Liu et al. 2016; Detournay 2016; Zhang et al. 2019b).

In the 1950s, the first hydraulic fracturing model was 

proposed. KGD (Geertsma et  al. 1969; Khristianovich 

et  al. 1955) and PKN (Nordgren 1972; Perkins et  al. 

1961) are two main models, which are based on the con-

stant height assumption. Yew et  al. (2014) found that 

hydraulic fractures can be characterized by KGD under 

uniform in situ stress, while they can be characterized by 

PKN under uneven in situ stress. Hubbert et al. (1957) 

derived the first fracture failure formula and revealed the 

propagation direction of hydraulic fracture.

However, theoretical analysis cannot address the 

complex conditions encountered in hydraulic fractur-

ing field operation because of the complex stress state 

and heterogeneity of deep rock masses. Many factors, 

such as natural fractures (Li et al. 2020), in situ stress 

(Liu et al. 2021a) and viscosity of the fluid (Krzaczek 

et al. 2020), can affect the development of hydraulic 

fractures. Numerous researchers have utilized numer-

ical simulations and laboratory tests to investigate 

the fracture propagation process to comprehend the 

impact of these factors.

Cylindrical and cube samples are usually used for 

hydraulic fracturing laboratory tests. In terms of sample 

selection, it is divided into natural materials (Lei et al. 

2021), such as clay (Xu et al. 2015) granite, (Li et al. 

2019), sandstone (Zheng et al. 2020b), coal (Liu et al. 

2021a) and artificial materials such as cement mortar, 

which can be poured through a certain mix proportion 

(Shi et al. 2021). The researchers studied the effect of 

stress, type and rate of injected fluid, natural fracture, 

borehole diameter and perforation azimuth. The results 

show that all the factors have great influences on the 

development of hydraulic fractures. Although several 

groups of comparative tests are designed, there may 

exist some errors in the experimental results due to the 

heterogeneity of samples, especially in the aspect of 

hydraulic fracture propagation.

Numerical simulation is a common method to study 

the mechanical behaviour of rock. For instance, Xu 

et al. (2018) investigated the complex time-dependent 

behaviour of heterogeneous brittle rocks under cou-

pled hydromechanical loading using the finite ele-

ment method. Xu et al. (2020) studied the mechanical 

behaviour and failure mode of rock as well as its dam-

age evolution on the particle scale with the discrete 

element method. In the latest research, Zhou et  al. 

(2022) proposed an improved grain-based numerical 

manifold method (NMM) to study the deformation, 

damage and fracturing of rock at the mesoscale. These 

numerical simulation methods are also applied to 

hydraulic fracturing, such as the FEM (Ni et al. 2020; 

Rueda et al. 2020), XFEM (Wang et al. 2018; Zheng 

et  al. 2020a; Zou et  al. 2020; Liu et  al. 2021b) and 

DEM (Krzaczek et  al. 2020; Zhang et  al. 2019a; Li 

2020). In the aspect of single-hole hydraulic fracturing 

simulation, a model size consistent with the laboratory 

scale is considered. Additionally, more factors can be 

studied in the numerical simulation. For example, the 

propagation law of hydraulic fractures in the presence 

of natural fractures is simulated based on the CFD‒
DEM method (Li et al. 2020). Hydromechanical cou-

pled modelling of hydraulic fracturing has also been 

investigated (Cheng et al. 2020).

In addition, researchers also simulated two-hole syn-

chronous hydraulic fracturing. Duan et al. (2020) evalu-

ated the effect of injection parameters and rock stratum 

conditions on the propagation of multiple hydraulic 

fractures induced simultaneously and investigated the 

effect of stress shadowing. Yang et  al. (2021) investi-

gated the fracture propagation mechanism of two-hole 

hydraulic fracturing under different factors. The simula-

tion results have the potential for optimizing the perfo-

ration design layout in hydraulic fracturing operations.

In summary, much research has been conducted on 

the factors that influence the development of single-hole 

hydraulic fracturing. However, dual hole synchronous 

hydraulic fracturing is less studied by discrete element 

method, and a very thorough research technique has not 

been developed. This work presents a novel numerical 

simulation method of hydraulic fracturing. The discrete 

element model of the rock sample was established based 

on the Edinburgh bonded particle model. The hydraulic 

fracturing process was simulated using the DEM–CFD 

coupling technique. The feasibility of the hydraulic frac-

turing model was verified by considering the fracture 

propagation law under different principal stress differ-

ences. To explore the fracture propagation mechanism of 

two-hole synchronous hydraulic fracturing, a numerical 

model of two-hole hydraulic fracturing was established.

2  Edinburgh bonded particle model

The Hertz–Mindlin  with bonding model, the built-in 

bonding model of EDEM, has the following shortcom-

ings. The shear stiffness and normal stiffness of the 
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model and the cross-sectional area of the bond cannot 

be changed once they are determined in the calculation 

process. The above shortcomings will cause inaccurate 

calculation results. This can cause significant errors. The 

Edinburgh bonded particle model (EBPM) overcomes 

the above shortcomings. EBPM was first proposed and 

verified by Nicholas John Brown, which can accurately 

reflect the mechanical behaviour of cementitious materi-

als (Brown 2013; Brown et al. 2014). A large number of 

numerical simulation tests have been carried out to verify 

its applicability in concrete materials. The effects of the 

parameters in the EBPM on Young’s modulus, compres-

sive strength and failure mode are analysed. Only one 

contact model can exist between particles in the EBPM 

model, that is, bonded contact model (Timoshenko beam 

bonded-contact model) or nonbonded contact model 

(Hertz‒Mindlin contact model). The bond can transfer 

shear force, axial force and bending moment. Figure  1 

shows the composition of the EBPM.

At the bonded contact, the Timoshenko beam 

bonded-contact model (TBBM) is adopted. This 

model assumes that there was a virtual bond element 

existing between the particles. The constitutive behav-

iour of the bond is based on Timoshenko beam ele-

ment theory (Timoshenko 1922). At the nonbonded 

contact, the Hertz‒Mindlin contact model (HMCM) 

is adopted. In this model, the normal force model 

and the tangential force model is based on the work 

of Hertzian (Hertz 1882) and Mindlin (Mindlin 1949; 

Mindlin et  al. 1953) respectively. TBBM can calcu-

late compressive stress, tensile stress, shear stress and 

bending, while HMCM can only calculate compres-

sive stress and shear stress. The specific description of 

the two contact models will be expanded below.

2.1  The Timoshenko beam bonded-contact model

The primary component of the EBPM is the TBBM. 

The mechanical behaviour of each bond is presumed 

to be comparable to that of the Timoshenko beam in 

the TBBM model (Timoshenko 1922). Rigidity is 

thought to exist between each end of the bond and 

particle. As a result, each end of the bond and the par-

ticle have the identical six degrees of freedom.

The position of the connected particles affects the 

geometric characteristics of the bond. r
b
 is the cross-

sectional radius of the bond.

where � is the bond radius multiplier, r
A
 and r

B
 are the 

radii of particles A and B, respectively.

The relationship between internal force and displace-

ment is the core of Timoshenko beam theory. Only the 

particle mass is considered in the calculation. The dis-

placement increment of the bond is obtained according 

(1)r
b
= � ⋅ min

(

r
A
, r

B

)

Edinburgh Bonded Particle Model(EBPM)

Hertz-Mindlin Contact Model (HMCM)Timoshenko Beam Bonded-Contact Model(TBBM)

Bonded contact Non-bonded contact
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Fig. 1  The composition of the EBPM
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to the change of particle position due to the rigid con-

nection between bond and particle. The internal force 

increment of the bond can be obtained from Eq. (2) in 

each time step.

where {Δ�} and {ΔF} are the displacement increment 

and the force increment, respectively, and [K] is tan-

gential stiffness matrix, following Eq. (5). Each force 

and displacement have two subscripts as shown in 

Fig. 2. � or � represents the two ends of the bond, and 

x, y, or z represents the direction of the force.

(2){ΔF}=[K] ⋅ {Δ�}

(3)
{ΔF} =

{

ΔF�x ΔF�y ΔF�z ΔM�x ΔM�y ΔM�z

ΔF�x ΔF�y ΔF�z ΔM�x ΔM�y ΔM�z

}

(4)
{Δ�} =

{

Δd�x Δd�y Δd�z Δ��x Δ��y Δ��z

Δd�x Δd�y Δd�z Δ��x Δ��y Δ��z

}

(5)

modulus of bond, and I
b
 is the bond’s second moment 

of area where:

where G
b
 is the bond shear modulus, fs is the form 

factor for shear, and r
b
 is the bond radius.

2.2  Failure criteria of bonds

In the TBBM, the ultimate stress can be calculated by 

Eqs. (9), (10) and (11).

(6)I
b
=

r
b
�

4

(7)A
b
= r

2

b
�

(8)Φ =
fs12EbIb

GbAbL2

b

=
20r2

b

(

1 + �b

)

3L2

b

(9)�
C
= S

C
⋅ ((�

C
⋅ N) + 1)

(10)�
T
= S

T
⋅ ((�

T
⋅ N) + 1)

where A
b
 is the bond’s cross-sectional area, Φ is 

the Timoshenko shear coefficient, E
b
 is the Young’s 



Geomech. Geophys. Geo-energ. Geo-resour.             (2023) 9:6  

1 3

Page 5 of 17     6 

Vol.: (0123456789)

where �
C
 , �

T
 , � are the ultimate compressive, tensile, 

shear strength of bond, respectively, S
C
 , S

T
 , S

S
 are 

the mean bond compressive, tensile, shear strength, 

respectively, �
C
 , �

T
 , �

S
 are the coefficient of variation 

of compressive, tensile, shear strength, respectively, 

N is a random number.

Assuming that each bond is linear, elastic and brit-

tle, the maximum compressive stress in the bond can 

be calculated by Eqs. (12) and (13).

The maximum tensile stress in the bond can be 

calculated by Eqs. (14) and (15).

Equation  (16) is the formula for calculating the 

maximum shear stress.

(11)� = S
S
⋅ ((�

S
⋅ N) + 1)

(12)�Ci =

⎛
⎜⎜⎜⎝

F�x

Ab

−

rb

�
M2

iy
+ M2

iz

Ib

⎞
⎟⎟⎟⎠

i = �, �

(13)�
CMAX

= −min
(

�
C� , �

C�

)

(14)�Ti =

⎛⎜⎜⎜⎝

F�x

Ab

+

rb

�
M2

iy
+ M2

iz

Ib

⎞
⎟⎟⎟⎠

i = �, �

(15)�
TMAX

= −max

(

�
T� , �

T�

)

The bond failure criteria are as follows:

where �
MAX

 , �
CMAX

 , and �
TMAX

 are the maximum 

shear, tensile, and compressive strengths, respectively.

2.3  The Hertz‒Mindlin contact model

The Hertz‒Mindlin contact model is adopted for the 

nonbonded contact model between particles (Fig. 3). 

In this model, the normal force model and the tan-

gential force model is based on the work of Hertzian 

(1882) and Mindlin (1949, 1953) respectively.

The normal force and tangential force are obtained 

from the following formula.

F
ns

 is the function of normal overlap, which can be 

calculated by Eq. (22).

in which r∗ and E∗ are the equal radius and equivalent 

Young’s modulus, respectively, and �
A
 , E

A
 , r

A
 , �

B
 , E

B
 

and r
B
 are the Poisson’s ratio, Young’s modulus and 

radius of the two particles, respectively.

The normal damping force is calculated by Eq. (25).

(16)
�MAX =

||M�x
||rb

2Ib

+

4

√
F2

�y
+ F2

�z

3Ab

(17)𝜏
MAX

> 𝜏

(18)𝜎
TMAX

> 𝜎
T

(19)𝜎
CMAX

> 𝜎
C

(20)F
n
= F

ns
+ F

nd

(21)F
t
= F

ts
+ F

td

(22)F
ns
=

4

3
E
∗

√

r∗�
1.5

n

(23)
1

E∗
=

1 − �
2

A

E
A

+

1 − �
2

B

E
B

(24)r
∗
=

r
A
⋅ r

B

r
A
+ r

B

(25)F
nd

= −2

�

5

6
b

d

√

S
n
m∗V

n,rel

x
Fα

y
Fα

z
Fα

x
Mα

y
Mα

z
Mα

x
Fβ

y
Fβ

z
Fβ

x
M β
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M β
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M β
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z

Fig. 2  Forces and moments at both ends of the bond
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where m
∗ is the equivalent mass, b

d
 is a damping 

ratio, V
n,rel

 is the normal component of the relative 

velocity and S
n
 is the normal stiffness.

in which V
t,rel

 is the tangential component of the rela-

tive velocity, G∗ is the equivalent modulus and S
t
 is 

the tangential stiffness.

3  Coupling mechanism and hydraulic fracturing 

model

3.1  Coupling mechanism

In this work, we propose the CFD‒DEM coupling 

method to simulate hydraulic fracturing. The parti-

cle motion and fluid flow were simulated by EDEM 

(26)b
d
=

ln e
√

ln
2

e + �
2

(27)m
∗
=

m
A
⋅ m

B

m
A
+ m

B

(28)S
n
= 2E

∗

√

r∗�
n

(29)F
ts
= −S

t
�

t

(30)F
td
= −2

�

5

6
b

d

√

S
t
m∗V

t,rel

(31)S
t
= 8G

∗

√

r∗�
n

(32)
1

G∗
=

1 − �
2

A

G
A

+

1 − �
2

B

G
B

and Fluent, respectively. We connect the two soft-

ware programs through a coupling interface that 

can transmit data between them. The initialization 

of flow field in fluent is the first step of coupling 

calculation where the flow field information can 

been obtained by solving the Navier–Stokes equa-

tion and momentum equation. The coupling force 

of fluid to particles will be transferred to EDEM 

through the coupling interface. Then the particle 

velocity, displacement and other information will 

be obtained in EDEM through Newton’s second 

law. Fluent obtains the information and contin-

ues the next iterative calculation. The above pro-

cess will be repeated until a convergent solution 

is obtained. The CFD‒DEM coupling process is 

shown in Fig. 4.

3.1.1  CFD calculation principle

Eulerian multiphase flow model was selected to 

simulate the interaction between different phases in 

this model, fluid and solid occupy a certain volume, 

which can be expressed in volume fraction. To solve 

the problem of volume fraction, the dense discrete 

phase model (DDPM) in Eulerian multiphase flow 

was introduced. In DDPM, the particle phase and 

fluid phase occupy part of the volume of a fluent 

grid. The volume fraction of each phase is added to 

1. Fluid‒solid coupling is realized through inter-

phase force. In this work, the interphase force refers 

to the drag force. For fluid flow, the governing equa-

tions are shown in Eqs. (33) and (34):

Fig. 4  The CFD‒DEM coupling process
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Fig. 3  The Hertz-Middlin contact model
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where �
l
 is the density of fluid, �

l
 is the volume frac-

tion of fluid, � is the stress tensor, Kpl is the exchange 

coefficient, �
l
 is the velocity of fluid, and �

p
 is the 

velocity of particles.

The Gidaspow model (Gidaspow 1994) is 

selected as the drag model.

When �
l
 > 0.8, the liquid‒solid exchange coeffi-

cient is obtained from Eq. (35):

when �
l
 < 0.8, the liquid‒solid exchange coefficient is 

obtained from Eq. (37):

(33)
�
(

�
l
�

l

)

�t
+ ∇ ⋅

(

�
l
�

l
�

l

)

= 0

(34)

�
(

�l�l�l

)

�t
+ ∇ ⋅

(

�l�l�l�l

)

= − �l∇p + ∇ ⋅ � + �l�lg

+ Kpl

(

�p − �l

)

+

∑

Fl

(35)Kpl =
3

4
CD

�s�l�l
|
|vs − vl

|
|

ds

�
−2.65

l

(36)C
D
=

24

�
l
Re

s

[

1 + 0.15
(

�
l
Re

s

)0.687
]

(37)Kpl = 150
�s

(
1 − �l

)
�l

�ld
2

s

+ 1.75
�l�s

|
|vs − vl

|
|

ds

3.1.2  DEM calculation principle

EDEM can calculate the interaction between parti-

cles and the external force applied to the particles. 

In the discrete element simulation, the accelera-

tion is calculated using Newton’s second law. The 

motion equation of particles at a certain time can be 

obtained as follows:

where 
∑

F and 
∑

M is the resultant force and 

moment, respectively, v and � is the translational and 

angular velocity of particles, respectively, m is the 

mass of particles, t is the time, and I is the moment 

of inertia.

The particle velocities and locations are updated 

by numerically integrating the accelerations through-

out a time step.

(38)
m

dv

dt
=

∑

F

I
d�

dt
=

∑

M

�

(39)
v(t + Δt) = v(t) +

dv

dt
Δt

u(t + Δt) = u(t) + v(t)Δt

}

(40)
�(t + Δt) = �(t) +

d�

dt
Δt

�(t + Δt) = �(t) + �(t)Δt

}

Fig. 5  Failure mode and stress‒strain curve
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Table 1  Comparison table of macroparameters between the 

laboratory test and numerical simulation

Macroparameters Laboratory Numerical Error (%)

Compressive strength/MPa 45.24 45.67 0.95

Tensile strength/MPa 5.12 5.06 1.17

Young’s modulus/GPa 15.64 15.86 1.41

Table 2  The meso-parameters of the EBPM

Meso-parameters Unite Value

Particle

Density kg/m3 2500

Young’s modulus GPa 40

Poisson’s ratio – 0.28

Minimum radius mm 0.5

Maximum radius mm 2

Loading plate

Density kg/m3 7850

Young’s modulus GPa 200

Poisson’s ratio – 0.3

Particle–particle

Coefficient of restitution – 0.5

Coefficient of static friction – 0.5

Coefficient of rolling friction – 0.5

Particle-loading plate

Coefficient of restitution – 0.0001

Coefficient of static friction – 1

Coefficient of rolling friction – 0

Bond

Young’s modulus GPa 22.5

Poisson’s ratio – 0.2

Mean bond compressive strength MPa 320

Mean bond tensile strength MPa 67.5

Mean bond shear strength MPa 67.5

Coefficient of variation of compressive strength – 0

Coefficient of variation of compressive strength – 0

Coefficient of variation of compressive strength – 0

Contact radius multiplier – 1.1

Bond radius multiplier – 1

3.2  Parameter calibration and numerical model 

establishment

3.2.1  Calibration of parameters

The constitutive parameters of rock, such as com-

pressive strength, Poisson’s ratio and Young’s modu-

lus, can be obtained through laboratory tests. How-

ever, the contact parameters of particles in discrete 

element analysis cannot be obtained directly. They 

often need to be calibrated through virtual tests. In 

this work, the microparameters of rock materials are 

calibrated by uniaxial compression tests and Brazil-

ian tests. A previous study demonstrated that mean 

bond shear, tensile, compressive strength and the 

bond Young’s modulus are more important than oth-

ers affecting the compressive strength and Young’s 

modulus (Brown 2013). In this work, we calibrated 

the bond Young’s modulus and mean bond shear, 

tensile, compressive strength. The macroscopic 

mechanical parameters of rock materials refer to the 

hydraulic fracturing test of Yang et al. (2020).

Based on EDEM, we have established two sam-

ples, whose dimensions are Φ 100  mm × 200  mm 

and Φ 50 mm × 25 mm. The loading rate is 0.1 m/s. 

The particle size follows a uniform distribution, and 

the minimum and maximum radii of the particles 

were 0.5 mm and 2 mm, respectively. Figure 5 dem-

onstrates the stress–strain curve and failure mode of 

the two specimens following parameter calibration. 

Table 1 shows the comparison table of macroparam-

eters between the laboratory test and numerical simu-

lation. The consequences of the numerical simulation 

and those of the laboratory tests coincide fairly well. 

Table 2 depicts the meso-parameters of the EBPM.

3.2.2  Verification of the hydraulic fracturing model

We established the discrete model and CFD model 

with the same size. As shown in Fig. 6, the size of the 

model was 300  mm × 300  mm × 10  mm. There was 

a water injection hole with a diameter of 25  mm in 

the centre of the model. There were 50,980 particles 

being generated in the end for the discrete model. For 

the CFD model, a total of 2066 fluid grids were gen-

erated. The fluid was injected at a rate of 16 m/s in 

the injection hole.
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In the numerical simulation, stresses of 2 and 

4 MPa are applied to the X and Y directions of the 

discrete model, respectively. The fracture propagation 

pattern of hydraulic fracturing is shown in Fig. 7. The 

fracture propagated along the maximum stress 

direction, which is the same as the result of Yang’s 

Fig. 6  Discrete element 

numerical and CFD numeri-

cal models

Fig. 7  The fracture propagation pattern of hydraulic fracturing

Table 3  Hydraulic fracturing experimental conditions

Conditions 1 2 3 4 5

�
1
(MPa) 4 8 12 16 20

�
3
(MPa) 4 4 4 4 4

�
1
− �

3
(MPa) 0 4 8 12 16
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numerical simulation and laboratory test. Our simula-

tion results are consistent with the existing research 

results (Duan et  al. 2018; Cheng et  al. 2020; Yang 

et  al. 2020). The breaking pressure is 11.37  MPa, 

while Yang’s laboratory result is 11.48  MPa (Yang 

et  al. 2020). Therefore, the DEM–CFD coupling 

method can well simulate hydraulic fracturing.

4  Numerical simulation of hydraulic fracturing

4.1  Effect of different principal stress differences on 

single-hole hydraulic fracturing

Table  3 shows the hydraulic fracturing experimental 

conditions. Another rock material was chosen for study 

to verify the adaptability of the model. The uniaxial 

compressive strength was 152 MPa, the tensile strength 

was 18.54  MPa, Young’s modulus was 39.99 GPa 

(Cheng et al. 2020). The particle size follows a uniform 

distribution, and the minimum and maximum radii of 

the particles were 0.5 mm and 2 mm, respectively. After 

parameter calibration, the bond parameters are shown 

in Table 4. The fluid was injected at a rate of 33 m/s. 

The size of the model was 300 mm × 300 mm × 10 mm. 

There was a water injection hole with a diameter of 

20 mm in the centre of the model.

Figure  8 shows the value of fracturing pressure 

under different principal stress differences. Under the 

condition of the principal stress difference is zero, the 

maximum fracturing pressure is 27.88  MPa. Crack 

fracturing pressure will decrease as the principal 

stress difference rises. The minimum fracturing pres-

sure is 22.93 MPa.

Figure  9 shows the fractures propagation process 

under different principal stress differences. It can be 

observed that under the condition of the principal 

stress difference was zero, the fracture will first appear 

at the upper right of the water injection hole in the ini-

tial stage of hydraulic fracturing. With the continuous 

injection of fluid, four hydraulic fractures appeared. 

Among them, the two hydraulic fractures on the right 

side of the injection hole developed rapidly.

When the principal stress difference was 4 MPa, 

three hydraulic fractures are generated around 

the hole in the initial stage of simulation, two of 

which expand rapidly with the injection of fluid. 

At approximately 0.001  s, a fourth hydraulic frac-

ture was found. It expanded horizontally during the 

fracturing process and finally reached the edge of 

the model. Among the three hydraulic cracks gener-

ated in the initial stage of simulation, there was one 

hydraulic crack that has not expanded in the whole 

simulation process.

The inverted Y-type fracture propagation model 

appears when the principal stress was 8  MPa. The 

three hydraulic cracks all grow rapidly. The direc-

tion of hydraulic cracks in the upper part of the 

water injection hole consistent with the direction of 

maximum principal stress. The two hydraulic frac-

tures in the lower part of the water injection hole 

also show the trend of expanding along the direc-

tion of maximum principal stress.

The direction of two main hydraulic cracks is 

completely affected by the maximum principal 
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Fig. 8  The value of fracturing pressure under different princi-

pal stress differences

Table 4  The bond parameters of the EBPM

Bond parameters Unite Value

Young’s modulus GPa 57

Poisson’s ratio – 0.2

Mean bond compressive strength MPa 1000

Mean bond tensile strength MPa 230

Mean bond shear strength MPa 230

Coefficient of variation of compressive strength – 0

Coefficient of variation of compressive strength – 0

Coefficient of variation of compressive strength – 0

Bond radius multiplier – 1
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Fig. 9  The fracture propagation process of hydraulic fracturing under different principal stress differences

Fig. 10  Schematic diagram of three different hole arrangement modes
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stress under the condition of the principal stress dif-

ference was 12  MPa. At approximately 0.0015  s, 

another fracture appears as the main fractures 

extend to the edge of the model. However, this 

hydraulic fracture develops slowly. It did not 

develop to the edge of the model until the end of the 

simulation. In the condition of the principal stress 

was 20 MPa, there are only two hydraulic fractures. 

The direction of fractures is controlled by the maxi-

mum principal stress.

In general, the propagation mode is different 

under the action of different principal stress differ-

ences. Under the condition of the principal stress 

difference is small, multiple hydraulic fractures eas-

ily form and radiate. Under the condition of the prin-

cipal stress difference is large, the hydraulic fracture 

is relatively single. With the increase in the principal 

stress difference, the hydraulic fractures showed the 

following trend: the number of hydraulic fractures 

becomes single from multiple, and the propagation 

direction gradually shifts from more divergence to 

the direction of maximum principal stress.

4.2  Numerical simulation of two-hole synchronous 

hydraulic fracturing

To explore the propagation law in the process of syn-

chronous hydraulic fracturing of two holes, a model 

of 300  mm × 300  mm × 10  mm is established. Two 

injection holes are set in the centre of the model, with 

a radius of 10 mm. The bond parameters are shown 

in Table 4. The fluid was injected at a rate of 33 m/s. 

Three different conditions, which include different 

hole arrangement modes, hole spacings and principal 

stress differences, are considered. We used the azi-

muth angle to represent the arrangement of double 

Table 5  Hydraulic 

fracturing experimental 

conditions

Factors Azimuth 

angle (°)

Spacing (mm) �
1
(MPa) �

3
(MPa) �

1
− �

3
(MPa)

Azimuth angle 0 20 20 4 16

45 20 20 4 16

90 20 20 4 16

Spacing 45 20 4 4 0

45 40 4 4 0

45 60 4 4 0

�
1
− �

3
45 40 4 4 0

45 40 12 4 8

45 40 20 4 16

Fig. 11  The propagation pattern of fracture in different hole arrangement modes
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holes. The azimuth angle refers to the angle between 

the direction of the maximum principal stress and the 

direction of the double hole arrangement. Figure 10 

shows the schematic diagram of the three different 

hole arrangement modes. The numerical simulation 

conditions of the three different factors are shown in 

Table 5.

4.2.1  Effect of different hole arrangement modes

Figure  11 shows the pattern of hydraulic fracture 

propagation in various hole arrangement modes. 

It can be observed that different hole arrangement 

modes cause different propagation patterns of frac-

tures. Hydraulic fractures develop along the direction 

of double hole arrangement under the condition of 

the azimuth angle is 0°. The hydraulic fracture ini-

tially expands in the direction of the double-hole 

arrangement before gradually deflecting in the direc-

tion of maximum principal stress as the azimuth 

angle increases. When the azimuth angle was 90°, 

two hydraulic fractures are developed from the right 

hole, and only one hydraulic fracture appears in 

the left hole, which is caused by the small spacing 

between holes. It can be revealed that the complexity 

of hydraulic fractures is consistent with the increase 

of azimuth. In other words, the complex hydraulic 

fractures typically appear when a certain angle exists 

between the maximum principal stress and the dou-

ble-hole arrangement.

Fig. 12  The propagation pattern of hydraulic fractures in different hole spacings

Fig. 13  The propagation pattern of hydraulic fractures in different principal stress differences
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4.2.2  Effect of different hole spacings

Figure 12 shows the propagation pattern of fractures 

in various hole spacings. Complex fractures appear in 

three different cases. The outwards extending hydrau-

lic fractures show similar characteristics. However, 

the hydraulic fracture propagation modes were still 

different. When the spacing between two holes was 

20 mm, the rock between two holes was completely 

broken. The increase of spacing will reduce the dam-

age degree of rock between two holes. When the dis-

tance between two holes was 40 mm, there was only 

one obvious hydraulic fracture between the two holes. 

Under the condition of the distance between two 

holes is 60 mm, two hydraulic fractures can be found 

between the two holes.

The above phenomena demonstrate that when the 

spacing between two holes is small, the stress super-

position effect between two holes is obvious. This 

will lead to severe damage of the rock mass between 

holes. The stress superposition effect decreases, with 

the increase in the spacing. Within a certain spac-

ing, the hydraulic fracture between the two holes 

intersects, and only one hydraulic fracture is formed 

between the two holes. When the spacing between the 

two holes exceeds a certain distance, the hydraulic 

Fig. 14  Damage ratio of rock in different hole arrangement modes

Fig. 15  Damage ratio of rock in different hole spacings
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cracks developed between the two holes will not 

intersect into one. There will be two or even more. 

The fractures not only extend between the two holes 

but also extend to the edge of the sample.

4.2.3  Effect of different principal stress differences

Figure  13 depicts the pattern of hydraulic fracture 

propagation under various principal stress differ-

ences. The fractures are complex when the princi-

pal stress difference is 0  MPa. The hydraulic frac-

ture propagation direction changes as a result of the 

increase in principal stress difference. This shows 

that the expansion form of hydraulic fractures pre-

sents the same law as that of single-hole injection 

hydraulic fracturing.

From the above analysis, it can be found that the 

fracture propagation trend of two-hole synchro-

nous hydraulic fracturing is controlled by the prin-

cipal stress. The hydraulic fracture is affected by 

the relative position and spacing of the two holes 

in the condition of the principal stress difference is 

0 MPa. With an increase in the principal stress dif-

ference, the hydraulic fracture propagation direction 

is dominated by the principal stress difference.

4.2.4  Damage ratio of rock

To better reflect the damage degree of rock, the dam-

age ratio, which is defined as the ratio of the broken 

bonds to the initial bonds, is introduced (Thornton 

et al. 1996; Wang et al. 2022).

where D
r
 is the damage ratio ( D

r
 = 1 indicates all the 

bonds are broken), B and B
0
 are the number of bonds 

connect to particles at the current time step and the 

bond time.

Figures  14, 15 and 16 show the damage ratio of 

rock in different factors. Combined with Figs. 11, 12 

and 13, it can be clearly observed that the colour of 

the particles at the position of the hydraulic fracture 

was green or red. When the rock was completely bro-

ken, such as the rock between two holes in Fig. 14b, 

the colour of the particles changes to red. Addition-

ally, the colour of particles at nonfractures was mostly 

blue, and a few are green or red, which means that 

there is slight local damage in rock samples during 

hydraulic fracturing.

5  Conclusion

In this work, the EBPM is coupled with CFD to estab-

lish the hydraulic fracturing model. The feasibility 

of the hydraulic fracturing model is verified by con-

sidering the fracture propagation law under different 

principal stress differences. Numerical simulations 

of two-hole hydraulic fracturing are carried out. The 

effects of different hole arrangement modes, spacings 

between two holes and principal stress differences are 

studied. Essential conclusions are as follows:

(41)D
r
=

B
0
− B

B
0

Fig. 16  Damage ratio of rock in different principal stress differences
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(1) The arrangement of double holes will affect the 

complexity and expansion direction of hydraulic 

fractures. When the arrangement direction of two 

holes was consistent with the direction of maximum 

principal stress, the hydraulic fracture was relatively 

single. The complex hydraulic fractures typically 

appear when a certain angle exists between the 

maximum principal stress, especially at 90°.

(2) When the spacing between two holes is small, the 

stress superposition effect between the two holes 

is obvious, and the rock between the two holes is 

easily damaged. With the increase in the spacing, 

the stress superposition effect decreases. Within 

a certain spacing, only one hydraulic fracture is 

formed between the two holes. When the spac-

ing between the two holes exceeds a certain dis-

tance, the hydraulic fractures developed between 

the two holes will be two or more. The fractures 

not only extend between the two holes but also 

extend to the edge of the sample.

(3) The principal stress controls the overall trend of 

fracture propagation in two-hole synchronous 

hydraulic fracturing. Under the condition of the 

principal stress difference is 0 MPa, the hydraulic 

fracture is affected by the relative position of two 

holes and the spacing between two holes. With 

an increase in the principal stress difference, the 

hydraulic fracture propagation direction is domi-

nated by the principal stress difference.
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