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a b s t r a c t

Natural fractures (NFs) are common in shale and tight reservoirs, where staged multi-cluster fracturing
of horizontal wells is a prevalent technique for reservoir stimulation. While NFs and stress interference
are recognized as significant factors affecting hydraulic fracture (HF) propagation, the combined influ-
ence of these factors remains poorly understood. To address this knowledge gap, a novel coupled hydro-
mechanical-damage (HMD) model based on the phase field method is developed to investigate the
propagation of multi-cluster HFs in fractured reservoirs. The comprehensive energy functional and
control functions are established, while incorporating dynamic fluid distribution between multiple
perforation clusters and refined changes in rock mechanical parameters during hydraulic fracturing. The
HMD coupled multi-cluster HF propagation model investigates various scenarios, including single HF and
single NF, reservoir heterogeneity, single HF and NF clusters, and multi-cluster HFs with NF clusters. The
results show that the HMD coupling model can accurately capture the impact of approach angle (q),
stress difference and cementation strength on the interaction of HF and NF. The criterion of the open and
cross zones is not fixed. The NF angle (a) is not a decisive parameter to discriminate the interaction.
According to the relationship between approach angle (q) and NF angle (a), the contact relationship of HF
can be divided into three categories (q ¼ a, q<a, and q>a). The connected NF can increase the
complexity of HF by inducing it to form branch fracture, resulting in a fractal dimension of HF as high as
2.1280 at angles of ±45� . Inter-fracture interference from the heel to the toe of HF shows the phe-
nomenon of no, strong and weak interference. Interestingly, under the influence of NFs, distant HFs from
the injection can become dominant fractures. However, as a gradually increases, inter-fracture stress
interference becomes the primary factor influencing HF propagation, gradually superseding the domi-
nance of NF induced fractures.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The exploration and exploitation of unconventional oil and gas
resources prioritize shale and tight reservoirs, where natural frac-
tures (NFs) commonly occur (Zhuang et al., 2020; Su et al., 2022).
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Achieving enhanced productivity in these reservoirs necessitates
the application of horizontal well staged multi-cluster fracturing
technology, a pivotal aspect of the shale gas revolution (Wang Y.
et al., 2023b). While hydraulic fracturing research has extensively
examined NFs and stress interference as critical factors (Tang et al.,
2023; Wang Y. et al., 2023a), the current body of literature tends to
compartmentalize these studies. Consequently, the synergistic
impact of NFs and stress interference on fracture propagation is
frequently overlooked.

In recent years, the interaction between natural fractures (NFs)
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and hydraulic fractures (HFs) has emerged as a focal point in
research. Field experiments have provided evidence that HFs can
traverse NFs directly without altering their propagation direction,
and they can also exhibit interruption or propagation along NFs
(Zou et al., 2016a; Tang and Sheng, 2022). To elucidate the mech-
anisms governing the interaction between HFs and NFs, scholars
have proposed various theoretical criteria. Warpinski and Teufel
(1987) introduced a criterion for assessing the interaction be-
tween HFs and weak surfaces based on field experimental data, in
conjunction with the Moore-Cullen criterion. However, this crite-
rion lacked critical conditions due to its experimental determina-
tion. Addressing this limitation, Renshaw and Pollard (1995)
established an interaction criterion for HF and orthogonal NFs
grounded in linear elastic fracture mechanics, treating NFs as fric-
tional interfaces. Gu and Weng (2010) extended this criterion to
non-orthogonal conditions. Additionally, Guo et al. (2015) simu-
lated the interaction of HFs and NFs using the cohesive zone
method (CZM), eliminating the need for a predefined interaction
criterion. Dahi-Taleghani and Olson (2011) introduced an interac-
tion criterion for HFs and NFs, considering the cementation
strength of NFs based on the critical energy release rate. Conclu-
sively, supported by experimental results and numerical simula-
tions, the consensus now acknowledges that reservoir physical
properties, horizontal stress differences, NF properties, and stim-
ulation parameters are the primary determinants of HF and NF
interaction (Zou et al., 2016c; Dong et al., 2021). Factors such as a
smaller horizontal stress difference, reduced approach angle, and
weaker cementation strength have been identified as conditions
inducing NF damage and prompting HF propagation along NFs (Xu
et al., 2023; Zou et al., 2023).

Researchers are increasingly recognizing and emphasizing the
significance of stress interference in stagedmulti-cluster fracturing.
HFs in close proximity to each other will squeeze the surrounding
reservoir during the propagation process and change the reservoir
stress state, forming a stress shadow (Tan et al., 2019). This stress
shadow can lead to offsetting during the HF propagation process,
resulting in a larger deflection angle and, at times, fracture furca-
tion (Huang et al., 2023). The dynamic alteration of ground stress
during themulti-cluster HF propagation dynamically influences the
distribution ratio of flow between perforation clusters, causing
non-uniform propagation (Li et al., 2021). To effectively alleviate
this stress disturbance, conditions such as a small horizontal stress
difference, high pumping rate, and staggered stage arrangements
have been identified (Liu et al., 2023). For traditional models like
PKN, KGD, and pseudo-3D, designed for HF propagation, the HFs are
relatively independent and unsuitable for addressing the com-
plexities of multi-fracture propagation (Siriwardane and Layne,
1991; Mack et al., 1992). To overcome this limitation, Wu and
Olson (2014) introduced a multi-fracture simultaneous propaga-
tion model for horizontal well staged multi-cluster fracturing using
the displacement discontinuity method (DDM). They analyzed the
geometry of HF and the role of stress interference. Building upon
this work, Wu and Olson (2016) enhanced the model, considering
the dynamic flow distribution of fracturing fluid among perforation
clusters. They concluded that stress interference influences flow
distribution, thereby promoting the propagation of outer fractures
while inhibiting inner fractures. The cohesive zone method (CZM),
incorporating nonlinear mechanical characteristics, proves effec-
tive not only for studying multi-cluster fracture propagation but
also for simulating HF and NF interactions (Li et al., 2022). Never-
theless, the presetting of HF propagation paths and inaccuracies in
describing approach angles between HF and NF are notable limi-
tations. The extended finite element method (XFEM) accurately
addresses non-uniform HF propagation through units describing
multi-cluster HFs. However, challenges arise in handling dynamic
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fluid distribution and interactions with NFs due to mesh property
characteristics (Hu et al., 2023), resulting in unstable calculations.
The discrete fracture network (DFN) model, while simple and user-
friendly for studying HF and NF interactions, is less applicable to the
investigation of fracture propagation under stress interference
(Wang J. et al., 2023). Particularly, addressing the competing
propagation problem of multi-cluster HFs necessitates significant
development and optimization on a larger scale (Hosseini et al.,
2021). The displacement discontinuity method (DDM), with its
simple mathematical form, is advantageous for dealing with com-
plex fracture networks and fractures with different shapes and
geometrical parameters. However, it exhibits poor accuracy in
handling heterogeneous problems and lacks convergence
(Jamaloei, 2021). The phase field method (PFM), capable of auto-
matically capturing complex fracture patterns without tracking the
fracture surface, is used to characterize HF propagation in indoor
experiments or small scales due to computational convergence
limitations and method imperfections (Zhou et al., 2020). Lepillier
et al. (2020) developed a variational phase-field method using
OpenGeoSys to study HF propagation in fractured reservoirs at
large scales, there is still room for improvement in analyzing the
competing propagation of multi-cluster HF and the dynamic
changes in the stress shadow. In summary, addressing the dynamic
distribution of flow, the large-scale multi-cluster HF propagation in
fractured reservoirs remains a pressing challenge.

To clarify the mechanism of multi-cluster HF propagation in
fractured reservoirs, the energy functional and control function in
hydraulic fracturing are deduced and established based on the PFM
in this study. The dynamic distribution of fluid between multiple
perforation clusters is coupled, and the change of rock mechanics
parameters in the process of HF propagation is improved. Finally,
the HMD coupled HF propagation model is established. The
coupled HMD model successfully solves the problem that the PFM
is limited to small scales, does not need to specifically introduce the
criterion of interaction between HF and NF, and has good applica-
bility to the dynamic changes of stress shadow and flow rate be-
tween perforation cluster. Based on this model, the propagation
mechanism of HF under single HF and single NF, reservoir hetero-
geneity, single HF and NF clusters, multi-cluster HFs and NF clusters
are studied.
2. Mathematical model

2.1. Energy function

Fig. 1 illustrates the alterations in the reservoir corresponding
parameters pre and post-fracturing. The elastic region is designated
byU, while the external and internal discontinuity boundaries after
fracturing are referred to vU and G, respectively. It is presumed that
the porous medium exhibits homogeneity and isotropy, housing
compressible and viscous fluids within its pores. u(x, t) is the
displacement field at position x and time t. The initial stress field s0,
the initial displacement field u0 and the initial fluid pressure p0
manifest as a result of the cumulative effects of depositional and
tectonic processes within the formation. Throughout the hydraulic
fracturing procedure, the fracturing fluid is pumped into the
reservoir to squeeze the rock at a higher pressure than the for-
mation fracture pressure, inducing the generation of relative stress
s, relative displacement u and relative fluid pressure p. The post-
fracturing stress, displacement and fluid pressure are s0 þ s, m0 þ
m, and p0 þ p, respectively.

Disregarding the influence of bulk force on the energy, the en-
ergy functional of fracture initiation and propagation during hy-
draulic fracturing can be written as (Zhou et al., 2018)



Fig. 1. Reservoir changes induced by fracture propagation.
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where j
ε
(ε) is the elastic strain energy density, J/m3; Bi is the Biot

coefficient; Gc is the critical energy release rate, N/m; and ft is the
traction force on the boundary, N.

The initial ground stress within the reservoir during hydraulic
fracturing constitutes a pivotal parameter exerting influence on
both the extent and orientation of fracture propagation. It is note-
worthy that fractures typically propagate in the direction of
maximum horizontal principal stress. Moreover, it is observed that
diminished horizontal stress difference tend to facilitate the for-
mation of complex fracture patterns (Zhou et al., 2020). Subsequent
to the inclusion of the initial stress field within the energy gener-
alization function and its optimization, the resulting refined func-
tional equation is presented below.

Lðu; p;GÞ ¼
ð
U\G

j
ε
ðεÞdUþ

ð
U\G

s0 : εdU�
ð
U
Bi,p,ðV,uÞdU

þ
ð
G
GcdG�

ð
vUh

ft,udS
(2)

where the first term of the equation is the elastic strain energy of
the porous medium, the second term is the energy induced by the
initial ground stress, the third term is the energy induced by the
pore fluid, the fourth term is the fracture energy of the rock un-
dergoing damage, and the fifth term is the external work acting on
the system.

The linear strain tensor ε can be expressed as (Zou et al., 2020)

εij ¼
1
2

 
vui
vxj

þ vuj
vxi

!
(3)

In the context of an isotropic elastic medium, the expression for
the elastic strain energy density is as follows:
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j
ε
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8>>><
>>>:

l ¼ En
ð1þ nÞð1� 2nÞ

m ¼ E
2ð1þ nÞ

(5)

where E is the Young's modulus, GPa; n is the Poisson's ratio; l and m

are the Lam�e coefficients.
2.2. Phase field description

The presence of HFs in the model makes it much more difficult
to solve the energy functional equation using the variational
approach. Therefore, the phase field x is used to describe the
damage of the matrix and the HFs, when x ¼ 0 and x ¼ 1 indicate
that the rock is undamaged and the rock is completely destroyed,
respectively.

For the numerical calculation of the phase field, the form of the
solution in one, two and three dimensions has been proposed by
previous authors, respectively. In one dimension, the solution takes
the form of an inverse exponential function (Zhang et al., 2023a). In
two and three dimensions, the fracture surface density per unit
volume is used to describe the phase field (Zhuang et al., 2020).
Fig. 2 shows the topological structure of the abrupt and diffuse
phase field in 1D scale, and the topological structure of the diffusion
fractures in 2D scale in this paper. In which there is a transitional
zone between complete damage and undamaged, using the theory
of continuous damage mechanics, the fracture density function per
unit volume can be expressed as (Miehe et al., 2010)

gðx;VxÞ ¼ x2

2l0
þ l0

2
Vx,Vx (6)

where l0 is the length scale parameter, m. Larger l0 indicates lower
nominal tensile strength in the phase field model. Since the length



Fig. 2. Topological structure of the fracture.
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scale parameter l0 is much larger than the pore size, the fracture
energy in the energy functional equation can be expressed as

Jf ¼
ð
G
Gc dGz

ð
U
GcgdU ¼

ð
U
Gc

 
x2

2l0
þ l0

2
jVxj2

!
dU (7)

Since in hydraulic fracturing, compressive stresses hardly cause
rock damage, but the phase field formulation described above does
not distinguish between fracture pattern in compression and ten-
sion. To eliminate this unrealistic fracture pattern of rock damage
caused by compressive stress in the simulation, a strain spectrum
decomposition is proposed byMiehe et al. (2010) to decompose the
strain tensor into tensile strain tensor and compressive strain
tensor.

ε± ¼
Xd
a¼1

CεaD±na5na (8)

where ε± denotes the tensile strain tensor and compressive strain
tensor, respectively; εa and na are principal strains and the direction
corresponding to the principal stresses; C*D± ¼ ð*±j*jÞ= 2.

Bringing the decomposed strain tensor into the elastic energy
density equation yields the following equation.

j±
ε
ðεÞ¼ l

2
CtrðεÞD2± þmtr

�
ε
2
±

�
(9)

Consistent with the previous view (Hofacker and Miehe, 2012),
this study assumes that the elastic energy density generated by
compression does not affect the fracture propagation in hydraulic
fracturing, then the elastic energy can be further expressed as

Jε ¼
ð
U\G

j
ε
ðεÞdU¼

ð
U

�
gðxÞjþ

ε
ðεÞþj�

ε
ðεÞ�dU (10)

where g(x) is the degenerate function, which is used to couple the
phase field x and the elastic field. The degenerate function is not
unique in the process of phase field solving, but needs to satisfy
specific constraints of g(0) ¼ 0, g(1) ¼ 0 and g0(1) ¼ 0 (Ambati et al.,
2015). The degenerate function in this work is adopted as follows:
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gðxÞ¼ ð1� kÞð1� xÞ2 þ k (11)

where k is the stability parameter for preventing singularities.
Bringing the degenerate function into the initial stress field part

of the energy functional equation, the energy function of the initial
stress field can be further expressed asð
U\G

s0 : εdUz
ð
U
gðxÞs0 : εdU (12)
2.3. Governing equation for the phase field evolution

Bringing the modified fracture energy and elastic energy equa-
tions into the energy functional equation yields the following
equation (Guo et al., 2018).
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#
dU�

ð
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(13)

The fracture initiation and propagation are a process of mini-
mizing the energy functional from the energy point of view, so the
variation of the energy functional is set to zero using the variational
method.

dL¼
ð
vUh

h�
seij þ gðxÞs0ij � Bipdij

�
mj � fti

i
duidS

�
ð
U

�
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�
j
duidU

�
ð
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g0ðxÞ�jþ

ε
þ s0ijεij

�þGcx

l0

� Gcl0
v2x

vx2i

#
dxdUþ

ð
vU

�
vx

vxi
mi

	
dxdS¼0 (14)

where mj is the component of the boundary in the outward di-
rection; ε

e
ij is the component of the effective stress tensor sðεÞe



Y.-J. Wang, B. Wang, H. Su et al. Petroleum Science 21 (2024) 1829e1851
induced by the displacement u.

se ¼ gðxÞ vj
þ
ε

vε
þ vj�

ε

vε
¼
h
ð1� kÞð1� xÞ2 þ k

i�
lCtrðεÞDþIþ2mεþ

�
þ lCtrðεÞD�I þ 2mε�

(15)

where I is the unit tensor.
The expression of the total stress tensor can be expressed as

sðεÞ¼ seðεÞ þ gðxÞs0 � BipI (16)

When the phase field x ¼ 1, the rock is completely destroyed,
and the region of this complete destruction is subject to a total
stress of 0. The governing equation for this region can be expressed
as
8>>>><
>>>>:

cf ðxÞ ¼ 0:5þ 0:9375�
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(21)
vsij
vxj

¼0 (17)

The original phase field governing equation can be further
expressed as

"
2l0ð1� kÞ�jþ

ε
þ s0iεij

�
Gc

þ1

#
x� l20

v2x

vx2i
¼2l0ð1� kÞ�jþ

ε
þ s0ijεij

�
Gc

(18)

The high-pressure fracturing fluid drives promote rock failure to
form fractures, and matrix rock failure releases fracture energy.
Even at high closure stress, the unsupported fractures may close
completely. However, from perspective of energy, it is impossible
for the damaged rock to be transformed into a perfect state. That is
to say, the destruction of rock is an irreversible process. The fracture
energy released by the destruction of the rock does not regenerate
and repair the rock. Therefore, it is necessary to construct a his-
torical field to ensure the monotonic increase of the phase field
(Zhuang et al., 2020).

Hðx; tÞ¼maxs2½0;t�
�
jþ
ε
ðεðx; sÞÞþs0 : εðx; sÞ� (19)

Bringing the historical field into the governing equation, the
strong form of the phase field governing equation can be expressed
as



2l0ð1� kÞH

Gc
þ1
�
x� l20

v2x

vx2i
¼2l0ð1� kÞH

Gc
(20)

In summary, fracture initiation and propagation are driven by
the historical field H, which is physically significant as the
maximum increment of the elastic energy of the porous medium in
the region.
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2.4. Flow field

According to the characteristics of the phase field model, the
porous media can be divided into reservoir zone, transition zone,
and fracture zone according to the damage degree of the rock. In
this study, c1 and c2 are introduced as the critical values to judge the
damage of the region. When the regional x value is less than c1, the
region is defined as the reservoir zone. When the regional x value is
between c1 and c2 time, the region is defined as the transition zone.
When the area x value is greater than c2, the region is defined as a
fracture zone. The values of c1 and c2 have been compared and
discussed with experimental and field data (Zhou et al., 2020;
Zhuang et al., 2020), and have good applicability when c1 and c2 are
taken as 0.4 and 1, respectively. In previous studies, linear inter-
polation was used to characterize the variation of transition zone
parameters (Shiozawa et al., 2019). In order to enhance the
convergence of the model, continuous functions are used in this
study for the transition zone parameters.
The flow of fracturing fluid in the fracture and matrix is
described using Darcy flow, whose continuity equation can be
expressed as (Zhang et al., 2023a)

rS
vp
vt

þ V,
�
rvf

�
¼ qm � rBicrðxÞ

vεvol
vt

(22)

vf ¼ �Keff
meff

Vp (23)

where r is the density of the fracturing fluid, kg/m3; S is the water
storage coefficient, 1/Pa; vf is the flow rate of the fluid in the frac-
ture and porous media, m/s; εvol is the volume strain during frac-
turing; meff is the effective viscosity of the fluid, Pa s; Keff is the
effective permeability, m2.

The values of compression coefficient, Biot coefficient, effective
viscosity, and permeability in different regions can be expressed as

c¼crðxÞcr þ cf ðxÞcf (24)

Bi ¼crðxÞBir þ cf ðxÞBif (25)

meff ¼crðxÞmr þ cf ðxÞmf (26)

Keff ¼crðxÞkr þ cf ðxÞkf (27)

fp ¼ crðxÞfr þ cf ðxÞff (28)

where cr and cf are the compression coefficients of the fracturing
fluid in the matrix and fracture region, 1/Pa; Bir and Bif are the Biot
coefficients in the matrix and fracture region; mr and mf are the fluid
viscosities in the matrix and fracture region, Pa s; fr and ff are the
porosities in the matrix and fracture region; kr and kf are the
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permeability in the matrix and fracture region, m2.
In addition, the mechanical parameters of rocks are weakened

after damage. The elastic modulus after damage can be expressed
as (Wei et al., 2015)

E¼ E0ð1� xÞ (29)

where E is the elastic modulus, GPa; E0 is the initial elastic modulus,
GPa.

The water storage coefficient S is related to porosity,
compressibility, and bulk modulus and can be expressed as

S ¼ fpcþ
�
Bi � fp

�
ð1� aÞ

KVr
(30)

where fp is the porosity; KVr is the bulk modulus, GPa.

2.5. Dynamic distribution of fluid

Laboratory experiments and monitoring results of hydraulic
fracturing treatment in the field have confirmed that the fluid
intake of each perforation cluster tends to be uneven due to the
competing effects of fracture propagation. Fig. 3 shows the dynamic
distribution pattern of flow between multiple perforation clusters.
The amount of fluid feed to the perforation cluster is determined by
several influencing factors, such as wellbore friction, perforation
friction, and resistance to fracture propagation. In the actual
treatment process on site, these influencing factors are controlled
by the injection rate, fracture propagation state, and other factors,
which means that the amount of liquid entering the perforation
cluster is a dynamic distribution process during the whole treat-
ment process. According to Kirchhoff's quantification, the pressure
and flow rate relationships of wellbore, perforation and fracture
can be expressed as (Li et al., 2021)

Q ¼
XN
i¼1

Qi (31)

po ¼
XN
i¼1

ppf ;i þ pcf ;i þ pw;i (32)

where Q is the total flow rate of surface pumping, m3/min; Qi is the
flow rate into the ith perforation cluster, m3/min; po is the treat-
ment pressure, MPa; pw,i is the pressure at the fracture heel in the
ith perforation cluster, MPa; pcf,i is the wellbore pressure loss from
the ith cluster to the previous cluster, MPa; ppf,i is the pressure loss
due to perforation friction in the ith cluster, MPa.

The friction of the perforation cluster is affected by both
perforation parameters and treatment parameters. Crump
Fig. 3. Dynamic distribution model of fluid.
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summarized a large amount of experimental data and established a
mathematical model of the perforation cluster friction. The model
is in good agreement with the field monitoring results and can be
solved simultaneously with the Bernoulli equation.

ppf ;i ¼ 0:807249
r

n2pD4
pC2Q

2
i (33)

DP � rgDZ ¼ K
rQ2

2A2 (34)

where np is the perforation number of per perforation cluster; Dp is
the perforation diameter of per perforation cluster, mm; C is the
dimensionless coefficient characterizing the shape of the perfora-
tion hole.
2.6. Boundary and initial conditions

Fig. 4 shows the geometry and boundary conditions of the
model. The length andwidth of the reservoir area of themodel are L
and H. There is a maximum horizontal principal stress sH in the x
direction of the model, a minimum horizontal principal stress sh in
the y direction, and a vertical stress sz in the z direction. The left and
lower sides of the model are normal displacement constraints. The
initial pressure of the model and the fluid pressure at the outer
boundary are p0. The fracturing fluid is injected along the wellbore
at a rate of u0 and flows into the reservoir after the perforation
cluster. The parameters used in the model in this study are shown
in Table 1. The model is solved using the finite element method. To
effectively mitigate the effect of mesh size on fracture propagation,
where the number of meshes is about 360,000.
3. Result and discussion

In order to clarify the propagation mechanism of multi-cluster
HF in fractured reservoirs, this study simulates, validates, and
generalizes the interaction of a single HF and a single NF using the
established HMD model, and investigates the effect of heteroge-
neity on HF propagation. On this basis, the propagation mechanism
of HF in two cases, single HF and NF cluster (density, angle, stress
difference and connected fracture), and multi-cluster HFs and NF
clusters (NFs, angle and connected fracture), is investigated from
the scale of field stimulation.
Fig. 4. Model geometry and boundary conditions.



Table 1
Parameters of the model in this study.

Parameter Value Parameter Value

E0, GPa 45 n 0.2
Gc, N/m 5000 k 1 � 10�9

l0, m 0.1 c1 0.4
c2 1 rr and rf, kg/m3 1.1 � 103

mr and mf, Pa s 0.1 cr and cf, 1/Pa 1 � 10�8

kr, m2 1 � 10�7 kf, m2 1 � 10�16

Dp, mm 12 np 16
fr 0.08 ff 0.16
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3.1. Interaction between HF with NF

Horizontal stress difference, approach angle, and cementation
strength are important factors affecting the interaction of NF with
HF (Dong R. et al., 2023). This section investigates the interaction of
HF with NF under the conditions of different influencing factors.
Where the injection rate is 8 m3/min and the critical energy release
rate of natural fractures is 3000 N/m, the simulation results are
shown in Fig. 5. The interaction state of HF and NF can be divided
into two states: open and cross. When the minimum horizontal
principal stress andmaximumprincipal stress are equal, the HFwill
open the relatively weak NF and propagate along it. As the hori-
zontal stress difference continues to increase, the HF makes a
Fig. 5. HF propagation pattern under di
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gradual transition from opening to crossing the NF. This is because
the greater the horizontal stress difference, the greater the resis-
tance to activate the NF according to the distribution of the stress
field around the HF during the fracturing process (Li et al., 2018).
The larger the approach angle between the HF and the NF, the more
difficult it is to open the NF under the combined effect of the
fracture tip stress and the far site stress. The simulation results are
consistent with the results of the friction interface discrimination
criterion (Dahi-Taleghani et al., 2011). When the horizontal stress
difference is 8MPa and the approach angle is larger than 60�, all the
HF formed cross the NF.

The interaction state of HF and NF in this simulation result is
counted and compared with the previous experimental results, and
the comparison results are shown in Fig. 6. Comparing the inter-
action state of HF and NF under different conditions, it can be seen
that the simulation results have a good similarity with the previous
experimental results (Li et al., 2021). According to the interaction
state in the simulation results of HF and NF, they are divided into
two zones, the open zone and the cross zone. It is worth noting that
the open and cross zones are not random, and there is a clear cri-
terion between the two zones. The fluid pressure in the HF can
open the NF and thus divert the HF only when the low-level stress
difference or approach angle is less than 60�. Conversely, the HF
will cross the NF and propagate in the previous direction. Opening
NF to divert HF can increase the complexity of fractures and
fferent NF states (Gc ¼ 3000 N/m).



Fig. 6. Interaction patterns of HF and NF (Blanton, 1982; Gu et al., 2012; Zhou et al.,
2008).
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effectively improve the utilization of oil and gas reserves between
fractures. Crossing through the NF and propagating in the previous
direction can increase the propagation distance of the HF and
Fig. 7. HF propagation pattern under di
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effectively utilize the oil and gas reserves between the wells (Zou
et al., 2020).

Actual NFs often have different cementation strengths within
the fractures due to the geologic formations and depositional en-
vironments (Li et al., 2020). Figs. 7 and 8 show the interaction be-
tween HF and NF for Gc of 2000 and 4000 N/m for NF, respectively.
When the cementation strength is low (Gc ¼ 2000 N/m), the NF is
less difficult to open. Even when the approach angle between the
NF and the HF is 75�, it is still possible for the NF to be opened and
for the HF to divert. On the contrary, when the cementation
strength is high (Gc ¼ 4000 N/m), it is relatively difficult for the NF
to be activated. Evenwhen the approach angle between the NF and
the HF is 60� and the horizontal stress difference is 2 MPa, the NF
still cannot be activated and opened. The interaction of HF and NF
under weak and strong cementation strengths is shown in Fig. 9(a)
and (b), respectively. It is obvious that the intersection of HF and NF
is still characterized by a regional distribution. The overall trend
remains that HF still predominantly crosses NF at higher levels of
stress difference and larger approach angles. However, due to the
different cementation strengths of the NF, the distribution char-
acteristics of the interaction are slightly different.

In order to analyze the effect of the cementation strength of the
NF on the HF diverting more obviously, the distribution charac-
teristics of the criteria for the open and cross zones under different
cementation strengths are plotted in Fig. 9(c), and the zones located
at the upper right and lower left of each cementation strength
criterion line are the cross and open zones, respectively. As the
cementation strength of the NF increases, the criterion line is
shifted to the lower left corner. This results in a decreasing open
zone and an increasing cross zone. In the extreme, when the
cementation strength is equal to the strength of the rock itself, the
fferent NF states (Gc ¼ 2000 N/m).



Fig. 8. HF propagation pattern under different NF states (Gc ¼ 4000 N/m).
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open zone will disappear completely. That is to say, no matter how
the horizontal stress difference and approach angle change, the HF
will not divert and propagate in the direction of the maximum
horizontal principal stress. The simulation results are highly similar
to the previous experimental results (Bahorich et al., 2012). Fig. 9(d)
shows the distribution characteristics of the effective minimum
horizontal principal stress (minimum horizontal principal
stressdpore pressure, negative sign indicates compressive stress)
when the HF interacts with the NF during the HF propagation
process. During the fracturing process, the high-pressure fracturing
fluid causes a localized tensile zone at the fracture tip thereby
causing damage to the rock and continued fracture propagation.
The fluidwithin the fracture continues to compress the area around
the fracture wall, resulting in localized compression zones. As the
HF continues to propagate, the NF opens when the tensile zone at
the tip of the HF contacts the NF and the tensile principal stresses
along the perpendicular to the NF interface are greater than the
stresses required to open the NF. From the friction interface theory,
the smaller the cementation strength of the NF, the smaller the Gc
and critical principal tensile stress required along the interface
perpendicular to the NF (Dahi-Taleghani et al., 2011), and the lower
the difficulty of opening the NF.

3.2. Effect of heterogeneity on HF propagation

The rocks in the reservoir are composed of minerals and ce-
ments, which tend to show different degrees of heterogeneity
locally under sedimentation and diagenesis (Wang Y. et al., 2023c).
Weibull distribution has a better descriptive ability for this non-
homogeneous feature of reservoirs (Zhang et al., 2023a), and its
distribution function is shown below.
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where x is a random variable; l is a scale parameter; and m is a
shape parameter. In this study, l is the average value of variable x,
and m characterizes the heterogeneity of the reservoir. Fig. 10
shows the distribution of Gc in the reservoir when m is 5, 6, 7,
and 8, respectively. Among them, the smaller the m, the more
dispersed the value of Gc is, which indicates the greater heteroge-
neity of the reservoir. Fig. 11 shows the distribution of Young's
modulus and Poisson's ratio in the reservoir when m is 5.

Fig. 12 shows the propagation results of HF when the horizontal
stress difference is 2 MPa. As can be seen from the figure, when the
heterogeneity of the reservoir is strong (m ¼ 5), even without the
influence of NF and stress interference, the formation of the HF still
exhibits a certain degree of tortuosity, and the calculated tortuosity
is 1.08. As the degree of heterogeneity continues to decrease, the
tortuosity of HF continues to decrease. When the heterogeneity of
the reservoir is weak (m ¼ 8), a relatively straight and simple
fracture is formed, and the tortuosity is 1.03. This is due to the fact
that the propagation path of the HF is determined by the stress
relationship, stimulation technology and rock minerals (Zhang
et al., 2023b), and the HF tends to propagate in the direction of
lower energy loss. When the degree of local heterogeneity is strong,
the resistance of HF propagation along different directions is quite
different, which makes the propagation mode of HF more tortuous
and complex. With the decreasing degree of heterogeneity, the
guiding ability of reservoir minerals for HF is gradually weakened,
so that the HF tends to form a simple fracture propagating along the



Fig. 9. Interaction and regional distribution of HF and NF.
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direction of the maximum horizontal principal stress. Fig. 13 shows
the propagation results of HF when the horizontal stress difference
is 4 MPa. It can be observed that the tortuosity of HF also decreases
with the decrease of heterogeneity. The tortuosity is 1.02 and 1.00
respectivelywhen the degree of heterogeneity is strong (m¼ 5) and
weak (m ¼ 8). Fig. 14 shows the calculation results of the tortuosity
degree of the HF under different degrees of heterogeneity. By
comparing and analyzing the propagation results and tortuosity of
HF with a horizontal stress difference of 2 and 4 MPa, it can be seen
that when the horizontal stress difference is 4MPa, the tortuosity of
HF decreases significantly. That is, when the horizontal stress dif-
ference is greater than 4 MPa, other ways such as communicating
NF and temporary plugging and diverting are needed to enhance
the complexity of the HF. The comprehensive analysis shows that
the HF propagation is more sensitive to the horizontal stress dif-
ference relative to the degree of heterogeneity. Meanwhile, for the
study of HF propagation in hydraulic fracturing, considering the
heterogeneity of the reservoir is often a more realistic reflection of
the actual HF propagation process than assuming that the reservoir
1838
is homogeneous. Therefore, all the subsequent simulations adopt
the heterogeneity reservoir as the basis of simulation.
3.3. Interaction of HF with NF clusters

Natural fractures (NFs) in reservoirs are usually formed by one
or more geotectonic movements, and NFs caused by the same
tectonic movement often have similar properties in terms of ge-
ometry and rock mechanics (You and Lee, 2021). This section in-
vestigates the interaction process of HF and NF clusters. The
heterogeneity of the reservoir matrix is characterized using a
Weibull distribution (m ¼ 5). The distribution of NFs in the reser-
voir is mainly characterized by density, location, angle and length.
In order to facilitate the study and analysis, this study assumes that
the NFs are straight and the characteristic parameters of NFs are
independent of each other and conform to the corresponding
probability distribution functions, respectively.

According to the rock engineering description of NFs, the char-
acteristic parameters of NFs in reservoirs are usually distributed by



Fig. 10. Distribution of critical energy release rates in the reservoir.

Fig. 11. Distribution of Young's modulus and Poisson's ratio in the reservoir.
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several probability distributions (Wang et al., 2020). The location of
the NFs usually satisfies the uniform distribution, the fracture
density usually conforms to the Poisson distribution, and the frac-
ture length conforms to the negative exponential distribution or
the log-normal distribution. In this study, the uniform distribution
is used for the location of NFs, the normal distribution is used for
the angle of NFs, and the log-normal distribution is used for the
length of NFs. The probability density functions of the various
distributions are described in Table 2. The density of NFs indicates
the number of NFs in the reservoir. In this study, the density of NFs
is described using linear density, whose physical meaning is the
length of NFs per unit area, which can be expressed by Eq. (36) (Zou
et al., 2016b). Fig. 15 shows the distributions of critical energy
release rate, Young's modulus, and Poisson's ratio in the reservoir
for density, average fracture length, and a (average angle with the
direction of maximum horizontal principal stress) of 0.1, 10 m, and
30�, respectively.

Dfrac ¼
Lfrac
A

(36)

where Dfrac is the linear density of the NFs, 1/m; Lfrac is the length of
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the NFs, m; A is the area of the regionwhere the NFs are located, m2.
Density of NFs. Different scales of tectonic movements tend to

generate different numbers of NFs (Peng et al., 2023). This section
investigates the effect of density of NFs on the propagation pattern
of HF in NF clusters. Fig. 16 shows the propagation results of HF at
different densities of NFs. The average angle between the NFs and
the maximum horizontal principal stress in the model is 30�, the
average fracture length is 10 m, and the horizontal stress difference
is 4 MPa. Fig. 16(d) demonstrates the maximum offset distance
(ODmax) of the HF, that is, themaximumvertical distance of HF from
the original fracture propagation direction. In this case, the ODmax
of the HF is 10.85, 15.62, 17.72, and 20.71 m for densities of NFs of
0.05, 0.066, 0.083, and 0.1, respectively. This is because, when the
number of NFs is small, the HF encounters fewer NFs in the prop-
agation process, which makes the diverting effect of the NFs in the
reservoir on the HF limited. With the increasing NFs density, the
probability of the HF contacting the NFs in the propagation process
increases gradually. When the horizontal stress difference and
approach angle are located in the open zone, the higher contact
probability can enhance the diverting degree of the NFs to the HF,
which makes the HF deviate from the original direction of



Fig. 12. The propagation mode of HF at different heterogeneity (Ds ¼ 2 MPa).

Fig. 13. The propagation mode of HF at different heterogeneity (Ds ¼ 4 MPa).
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propagation. The tortuosity of HF is calculated in Fig. 17. It can be
seen that the tortuosity of HF has been significantly improved.
When the density of NFs is 0.1, the tortuosity reaches 1.19. The
ODmax shows a strong correlation with the tortuosity. Overall the
tortuosity of the HF also increases with the density of the NFs, but
with slight local variations. The tortuosity of HF with a density of
0.083 is slightly smaller than that of HF with a density of 0.066. This
is because a higher density of NFs means a higher probability that a
1840
HF will come into contact with a NF during propagation. However,
if the location of the NFs does not appear in the path of HF prop-
agation, the degree of interaction between HF and NFs remains low
even though the number of NFs is higher. In general, the higher the
density of NFs, the higher the probability of contact between HF
and NFs, the more tortuous the morphology of HF, and the larger
the ODmax. However, the tortuosity and the ODmax of HF are equally
affected by the location of NFs in addition to density.



Fig. 14. The tortuosity of HF at different heterogeneity.
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Angle of NFs. As the results of the above section show, the
interaction between HF and a single NF is affected by the approach
angle between the NF and the HF. The propagation path of HF in
actual reservoirs will be more complicated due to the combined
effect of heterogeneity and NF clusters on fracture propagation.
This section investigates the propagation patterns of HF under
heterogeneous conditions in NF clusters with different approach
angles. Fig. 18 shows the propagation patterns of HF in NF clusters
with different a.

It can be seen from the simulation results, similar to the simu-
lation results of HF and a single NF, when a is low, the NF has a
strong diverting performance for HF. When the average approach
angle of NFs is 30�, the interaction between HF and NFs is still
mainly open, and the propagation path of HF is mainly along NFs.
When the average approach angle of NFs gradually increases to 45�

and 60�, the interaction relationship between HF and NF clusters is
more complicated than that between HF and a single NF. The
interaction between HF and NF clusters is mainly open and cross
two cases. There are two main reasons for this. The first reason is
the critical value of the approach angle. It can be seen from the
above study that the critical value of the approach angle of the
interaction between HF and NF is between 45� and 60�. When the
approach angle of some NFs is larger than this critical value, then
the HFmainly crosses the NFs. On the contrary, the HFwill open the
NFs prompting the HF to divert. The second reason is the hetero-
geneity of the reservoir. As can be seen in Figs. 12 and 13, the
heterogeneity of the reservoir can make the HF have a certain de-
gree of tortuosity, and this degree of tortuosity can change the
propagation direction of the local HF, which makes the actual
Table 2
Probability density function and parameter description.

Distribution Probability densit

Uniform distribution
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approach angle (q) between the HF and the NF change. Fig. 19
demonstrates the contact relationship between tortuous HF and
NF, which can be categorized into three types (a ¼ q, a< q and a> q)
according to the tortuosity of HF in heterogeneity reservoirs. When
a> q, the actual contact angle may prompt the HF to open the NF
prompting the HF to divert even though a satisfies the crossing
condition. Similarly, when a< q, even though a is located in the
open zone, the actual contact anglemay drive the HF to cross the NF
to form a single HF. It is worth noting that the HF may still open
along the wall of the NF after opening the NF, thus continuing to
cross the NF. Due to the heterogeneity of the reservoir and the
change of stress relationship during HF propagation, the HF may
open and propagate along the weak side of the NF surface. The
simulation results have been reported several times in previous
experiments and field monitoring results (Peng et al., 2019). When
a is large, the interaction relationship between HF and NF remains
dominated by crossing, which is the same pattern of interaction as
between HF and a single NF. This is because with larger a, the local
tortuosity of the HF is not sufficient to reduce the larger approach
angle between the HF and NFs below the critical approach angle,
resulting in a relatively simple shape and scale of the HF.

Fig. 20 shows the calculated tortuosity and ODmax. As can be
seen from the figure, the ODmax and the tortuosity still show a
strong correlation. Both the ODmax and the tortuosity show a ten-
dency of increasing and then decreasing with the increase of the
angle between the NFs and the maximum horizontal principal
stress direction. When the angle is 45�, the tortuosity and the
ODmax reach the maximum, 1.22 and 23.13 m. When the angle is
75�, the tortuosity and the ODmax reach the minimum, 1.08 and
3.83 m. The overall results of the tortuosity and the ODmax are in
good agreement with the reasons for the interactions between the
HF and the NF clusters discussed above. That is, HF is mainly open
to the low angle NF cluster, open and cross the middle angle NF
cluster, and cross the high angle NF cluster. In addition to that,
when the interaction between HF and NF clusters are both domi-
nated by crossing, the greater the angle between HF and NFs, the
greater the degree of HF offset, and the more tortuous the HF
formed.

Horizontal stress difference. Horizontal stress difference is an
important influencing factor that affects the interaction of HF and
NFs. The larger the horizontal stress difference is, the more difficult
it is for NFs to open after encountering a continuously propagating
HF. This section simulates the effect of different horizontal stress
differences on HF propagation in NF clusters. The average angle
between the NFs and the maximum horizontal principal stress is
30�. Fig. 21 shows the propagation results of HF at horizontal stress
differences of 2, 4, 6, and 8 MPa. From the simulation results, it can
be seen that when the horizontal stress difference is small, due to
the influence of NFs, the distance of HF offset along the original
propagation direction is large. With the gradual increase of the
horizontal stress difference, this degree of offset shows a trend of
gradual decrease. Fig. 22 shows the calculated tortuosity and
y function Parameter

a � x � xþ a

others

a: Maximum deviation
x: Average

� mÞ2
s2

m: Average
s: Standard deviation
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Fig. 15. Distribution of mechanical parameters containing NFs in reservoirs.
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ODmax, and it is obvious that the tortuosity and ODmax of HF still
show a strong positive correlation. When the horizontal stress
difference is 2 MPa, the tortuosity and the ODmax are 1.24 and
37.88 m, respectively. With the increasing of the horizontal stress
difference, the tortuosity and the ODmax show a tendency of
decreasing gradually. When the horizontal stress difference is
8 MPa, the tortuosity and the ODmax decrease to 1.13 and 13.92 m,
respectively. Similar to the simulation results of the HF interacting
with a single NF, the main interaction between the HF and the NF
clusters is still dominated by the opening in this condition. How-
ever, the diverting effect of NF clusters on HF is slightly different
under different horizontal stress differences.

A comparative analysis of the HF in the blue circle in Fig. 21
shows that the HF will open and propagate along the NF after
contacting the NF. After propagating out of the NF, if there is no
weak surface on the NF wall, the HF will propagate along the tip of
the NF. Fig. 23 shows a schematic diagram of a HF breaking through
at the tip of the NF after propagating along the NF. The stress dif-
ference relationship in the figure is Ds0 ¼ 0<Ds1 <Ds2 <Ds3.
Obviously, when the horizontal stress difference is Ds0, the HF will
1842
continue to propagating along the direction of the NF. On the
contrary, if there is a horizontal stress difference, the propagation
direction of HF will be deflected in the direction of the maximum
horizontal principal stress under the influence of the ground stress
field. According to the mechanical calculation of rock damage in
hydraulic fracturing, the magnitude of the deflection is related to
the size of the horizontal stress difference (Jiang and Younis, 2016).
The larger the horizontal stress difference is, the larger the
magnitude of deflection is. Because of the “corrective” effect of the
horizontal stress difference, the HF continues to propagate in the
direction of the maximum horizontal principal stress. The larger
the horizontal stress difference is, the stronger this “corrective”
effect is, which is finally reflected in the smaller ODmax and tortu-
osity of HF.

Connected NFs. The NFs in the NF clusters in the above study
are almost one type, with almost the same direction and more
discrete distribution. The actual formation usually undergoes
several tectonic movements, and these NFs can be categorized ac-
cording to their directions and mechanical characteristics (Dong S.
et al., 2023). NFs with different angles can intersect to form con-
nected fractures. This section comparatively investigates the effect
of connected NFs on HF propagation. The values of a are 30� and
45� in the cases of disconnected NFs and ±30� and ±45� in the cases
of connected NFs. The linear density of NFs in both cases is 0.1 and
the horizontal stress difference is 4 MPa. The simulation results are
shown in Fig. 24. Due to the condition of this stress difference and
angle, the NF cluster has a strong guiding effect on HF propagation.
However, there are two groups of NF clusters with opposite di-
rections in the case of the connected NFs, which happen to play a
complementary role to the HF and greatly reduce the ODmax. It is
worth noting that the conclusion that the HF is positively correlated
with the ODmax and tortuosity of the disconnected NF clusters is no
longer applicable here. This is because in the case of the connected
NFs, the HF is ultimately barely deflected, but the HF is clearly
tortuous and complex. More importantly, in the case of the con-
nected NFs, branch fractures are formed during the HF propagation.
The HF at the intersection of the connected NFs is selected for force
analysis (Fig. 25). When the HF propagates to the intersection of the
connected NFs, in the combined stress field formed by the tensile
stress generated at the HF tip and the far-field stress, the tensile
stresses superimposed along the vertical direction of the NF wall
are sa1y and sa2y, respectively. When the difference between a1 and
a2 is small, the difference between sa1y and sa2y provided by the
combined stress field is also small. At this time, the HF is able to
open these two sets of NFs at the same time, resulting in branch
fractures.

For HF with branch fractures, the tortuosity is difficult to
calculate, while the fractal dimension is more applicable to describe
this complexity. Therefore, in this study, the fractal dimension is
calculated for disconnected and connected NFs, and the results are
shown in Fig. 26. As can be seen from the figure, the good linear
relationship verifies the feasibility of the fractal dimension for
describing the complexity of HF. The fractal dimensions of NF
clusters with average angles of 30�, 45�, ±30�, and ±45� are 2.0879,
2.0952, 2.1019 and 2.1280, respectively. Comparison of the results
of the connected and disconnected NFs shows that the complexity
of HF in the case of connected NFs is significantly higher than that
in the case of disconnected NFs. The existence of branch fractures
significantly enhances the complexity of HF and stimulating
reservoir volume. Meanwhile, similar to the simulation results of
disconnected NFs, the HF formed by a natural fracture angle of ±45�

is more complex than that formed by a natural fracture angle of
±30� in the case of connected natural fractures. The reason for this



Fig. 16. The results of HF propagation at different densities of NFs.

Fig. 17. Tortuosity and ODmax of HF at different NFs density.
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is the same as the guiding effect of NFs on HF propagation in the
case of disconnected NFs. Overall, compared with disconnected
NFs, connected NFs can promote the formation of branch fractures
during HF propagation, which is an important factor in the for-
mation of complex fracture networks.
3.4. Interaction of multi-cluster HF with NF clusters

Multiple perforation clusters are usually fractured at the same
time during the hydraulic fracturing process, and the HF generated
by different perforation clusters usually have different offset and
propagation patterns due to stress interference. In fractured res-
ervoirs, the fracture propagation of multiple perforation clusters
not only needs to consider the interaction between HF and NF, but
also needs to consider the stress interference between hydraulic
1843
fractures during the propagation process, and the propagation
pattern is more complicated than that of a single HF. This section
comparatively analyzes the mechanism of multi-cluster HF prop-
agation in NF clusters, and also investigates the effects of NF angles
and connected NFs on HF propagation of multiple perforation
clusters. The reservoir parameters are consistent with Table 1.
There are three perforation clusters in the model, the spacing of
perforation clusters is 22.5m, and the horizontal stress difference is
6 MPa. To further prevent HFs from breaching the boundary and
thus affecting the simulation results, the upper and lower bound-
aries of the study area are extended by 30 m each.

NFs. The interaction results of HF and NF clusters show that the
NF clusters are able to guide the HF propagation to some extent,
which makes the HF deviate from the original propagation direc-
tion. This section simulates and compares the effect of NF clusters
on the HF propagation of the three perforation clusters, and the
simulation results are shown in Fig. 27. Fig. 27(a) shows the prop-
agation pattern of multi-cluster HFs in the absence of NF clusters. At
the early stage of HF propagation, the HFs of all three perforation
clusters show a straight propagation trend due to the small inter-
ference between HFs. With the gradual propagation of the HFs, the
stress shadows cannot be ignored gradually, resulting in the outer
HF1 and HF3 to be offset to the outer side, whose ODmax are 9.98
and �11.16 m, respectively (assuming that the downward offset is
negative). The inner HF2 is more difficult to propagate under the
extrusion of the outer HFs, and it hardly undergoes offset and the
propagation distance is smaller than that of the outer HFs. When
the HFs propagate to a certain distance, the gap between the
propagation distance of the inner HF and the outer HFs gradually
increases. At this time, the inner HF has almost no interference
effect on the outer HFs, and only the outer HFs influence each other.
The tendency to cause the outer HFs to deflect outward is alleviated
to a certain extent. In the extreme case that the inner HF2 propa-
gates very short or even not under strong stress interference, then
there has been only themutual interference of the outer HFs during
the HFs propagation. Therefore, the phenomenon of no



Fig. 18. The results of HF propagation at different angles of NFs.

Fig. 19. Relationship between the angle of NFs and the approach angle between NFs
and HF.

Fig. 20. Tortuosity and ODmax of HF at different angles of NFs.
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interference, strong interference and weak interference is pre-
sented from the heel to the toe of the HF.

Fig. 27(b) shows the propagation pattern of multi-cluster HFs
when the a is 30�. Comparative analysis shows that, unlike the
single HF, the inner HF2 does not propagate along the NFs and thus
deviates from the original propagation direction under the stress
interference from the outer HFs. The outer HF1 and HF3, on the
other hand, shows different degrees of offset, with ODmax of 15.18
and �7.62 m. The location of the ODmax of HF3 is not near the end
but in the middle (at a propagation distance of about 56 m) of the
HF. HF1 deflects to the outside under the action of stress interfer-
ence between fractures, and the direction of its deflection is in good
agreement with the direction of the NFs. In this case, the presence
1844
of NFs increases the degree of deflection of the outer HF. In contrast,
the direction of outer HF3 under the action of inter-fracture stress
interference is opposite to that of NFs, which makes the presence of
the NFs inhibits the deflection of the outer HF. It is also noteworthy
that the HFs still exhibit no interference, strong interference and
weak interference from the heel to the toe.When HF3 is in a state of
strong inter-fracture interference, it clearly shows a tendency to
deflect to the outer side. As the HF continues to propagate, the
degree of inter-fracture interference is not enough to resist the
guiding effect of the NFs, which causes the HF to gradually deflect
to the inner side instead. When the gap between the propagation
distance of the inner HF and the outer HFs reaches a certain value,
the HFs are in a weak interference state. In addition, in the absence
of NFs, due to the friction resistance of the wellbore, the HF1 near
the injection eventually leads to a longer propagation distance than



Fig. 21. The results of HF propagation at different stress differences.

Fig. 22. Tortuosity and ODmax of HF at different stress differences.

Fig. 23. The relationship between horizontal stress difference and deflection angle.
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HF3. In the presence of NFs, the opposite trend is observed. This is
due to the fact that the HF3 with a smaller offset propagates farther
in the same time period, making the HF3 become the dominant
fracture instead, which further leads to the HF3 propagating farther
than the HF1 near the injection.

Fig. 28 shows the comparison between the injection rate of each
fracture during the multi-cluster hydraulic fracturing process. The
dynamic distribution results of the flow can also reflect that the HFs
show the phenomenon of no interference, strong interference and
weak interference in the propagation process. In the no interfer-
ence stage, the fluid injection rate of each cluster of fractures is
almost the same. In the strong interference stage, the initiation and
propagation pressure of the inner HF2 increases under the effect of
stress shadow, leading to a sharp decrease in its fluid injection rate.
Since the total injection rate is certain, the fluid intake of the outer
HF1 and HF3 instead increases sharply. There is a small wellbore
friction between HF1 and HF3, so there is a small difference be-
tween the fluid intake of the two fractures. Until the HFs propagate
to the weak interference zone, the fluid intake of each HF gradually
stabilizes again. The trend of this simulation result is basically
consistent with the findings of Wu and Olson (2016). Comparing
the results of flow distributionwith and without NFs, it can be seen
that the fluctuation of flow distribution is larger under the influ-
ence of NFs. This is mainly due to the fact that when the HF
propagates along the NF, the resistance to its propagation is smaller.
Meanwhile, comparing the flow results of HF1 and HF3 in the
presence of NFs, it can be seen that under the influence of wellbore
friction, the fluid intake of HF1 in the early stage of propagation is
larger than that of HF3. In the middle of propagation, HF3, which
propagates farther, converts this disadvantage. Overall, due to the
greater fluid intake of HF3, it eventually led to the fact that HF3 far
from the injection became an advantageous fracture instead.

Angle of NFs. The angle of NFs is an important factor influencing
the interaction between HF and NF, and Fig. 29 reveals the propa-
gation patterns of multi-cluster HFs under different NF angles.
When the a are 30�, 45�, and 60�, HF3 away from the injection



Fig. 24. The results of HF propagation at different states of NFs.

Fig. 25. Propagation analysis of HF at the intersection of connected NFs.

Fig. 26. Fractal dimension of HF at different states of NFs.
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becomes the dominant fracture with the propagation extension
distance under the common influence of inter-fracture stress
interference and the guiding effect of NF clusters.When the a is 75�,
the influence of NF clusters on HF propagation becomes minimal,
stress interference becomes the main factor influencing HF prop-
agation, and HF1 near the injection becomes the dominant fracture
again. When the a is 30�, the NF has a better diverting performance
for the HF under this condition. With the increasing angle of the
NFs, this diverting ability gradually decreases. When the a is 75�,
the ODmax of HF1 and HF3 are 9.94 and �9.32 m, respectively,
which are very close to the deflection degree of HFs without NF
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clusters. At low NF angle (30� and 45�), the ODmax occurs in the
middle of the HF, while at high NF angle (60� and 75�), the ODmax
occurs at the end of the HF. In order to facilitate the analysis, the
offset distance (OD) at the end of the HF was selected as a
parameter.

Fig. 30 depicts the offset magnitude of HF1 and HF3 and the
average tortuosity of HF at NF different angles. As can be seen from
the figure, the ODmax of HF1 and HF3 show a decreasing and
increasing trend with increasing NF angle, respectively. The end of
HF3 gradually shows a tendency to be offset to the outside with the
increase of NF angle. The area between the end offset curve and the
ODmax curve represents the diverting performance of the NF in
contrast to the stress interference on the multi-cluster HFs.



Fig. 27. Propagation patterns of multi-cluster HFs.

Fig. 28. Dynamic distribution of flow between fractures in multi-cluster hydraulic fracturing.
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Meanwhile, based on the offset magnitude, it can be seen that HF3,
which is offset in the opposite direction to the NF, is more sensitive
than HF1, which is offset in a direction similar to the natural frac-
ture. This is because the ability of NFs to offset HF is much stronger
than the ability of inter-fracture interference to offset HF. When the
direction of deflection under stress disturbance is opposite to the
direction of NFs, the guiding ability of NFs is hostile to inter-fracture
interference. When the effect of NFs is weakened, the inter-fracture
interference will completely dominate the deflection of HFs. On the
contrary, the guiding ability of NFs and inter-fracture interference
are synergistic. Overall, the tortuosity of HFs under this condition
shows a decreasing trend with the increase of angle. The difference
in simulation results between a single HF and a NF clusters is due to
the horizontal stress difference of 6 MPa and the effect of inter-
fracture stress interference in this simulation. Meanwhile, the
conclusion that the ODmax shows a strong correlation with tortu-
osity in the case of unconnected fractures still holds. It should be
noted that under the influence of wellbore friction and perforation
friction, the propagation distance of HFs formed at fracture clusters
near the injection is not the farthest, and NFs are also the main
factors affecting the formation of dominant fractures.

Connected NFs. For a single HF, the presence of connected NFs
can induce the HF to form branch fractures. Fig. 31 shows the re-
sults of HF propagation for multi-cluster HFs when the NFs are
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connected and disconnected. Since the two sets of NFs with
opposite directions have a complementary effect on the HFs, HF1
near the injection continues to be the dominant fracture with the
farthest propagation distance. Compared to unidirectional frac-
tures, the OD of HF1 and HF3 were effectively suppressed and
facilitated, respectively, in the case of connected fractures with two
directions. This is because unidirectional unconnected NFs promote
and inhibit HFs in the same and opposite directions, respectively.
The connected fractures with two directions have both facilitating
and inhibiting effects depending on the actual interaction of HF and
NF, thus inhibiting the directional guidance of the unidirectional
NFs on the HFs. At an angle of ±30� of the NF, the HFs under this
condition have a stronger ability to open the NFs after contacting
them, resulting in the formation of more branch fractures during
HFs propagation. It is worth noting that branch fractures almost
always propagate along the outer side due to the effect of inter-
fracture interference. This is because the stress shadow caused by
the inner compression zone is strong, which inhibits the initiation
and propagation of the inner branch fractures, while the initiation
and propagation of the outer branch fractures are relatively easier,
resulting in the formation of branch fractures almost located on the
outside. Combined with Fig. 6, it can be seen that when the stress
difference and approach angle are 6MPa and±45�, respectively, the
condition is located near the criterion. Under the effect of stress



Fig. 29. Propagation patterns of multi-cluster HFs with different NF angles.

Fig. 30. OD of outer HFs and tortuosity under the combined effect of NFs and stress
interference.
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shadow, there are almost no branch fractures formed in HFs, and
the propagation and offset of the HFs are mainly affected by inter-
fracture stress interference. In other words, under the influence of
stress shadow, the interaction pattern between multi-cluster HFs
and NFs is more complex than that between single HF and NFs.

The fractal dimension of multi-cluster HFs under different NFs
connection states is calculated in Fig. 32. From the simulation re-
sults, it can be seen that the HFs have the lowest complexity when
the a is ±45�, and the fractal dimension is 1.9932. This is because
the diverting performance of the NFs on the HFs is weaker at this
stress difference and approach angle. Relative to the a of 45�,
although the linear densities of the NFs are all 0.1, the connected
NFs make the distribution of the NFs produce a certain degree of
agglomeration, resulting in the overall poor dispersion of the NFs in
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the reservoir. Meanwhile, the complementary effect of different
sets of NFs in the connected NFs reduces the offset amplitude of
HFs. These two reasons together lead to the complexity of the
connected NFs being rather lower than the discrete NFs. The
highest complexity of HFs was observed for NFs with a of ±30�,
which had a fractal dimension of 2.0523. This is mainly due to the
fact that this approach angle and the horizontal stress difference
located in the open zone are capable of causing the HFs to form
branch fractures thus significantly increasing the HFs complexity.
In addition to this, comparing the results of single HF with NF
clusters, it can be seen that the fractal dimension of multi-cluster
HFs is generally lower than that of single HF under the suppres-
sion effect of inter-fracture interference.

In summary, for multi-cluster HFs, the ability of connected NFs
to increase the complexity of HFs is not necessarily stronger than
that of disconnected NFs, which is related to stress difference and
approach angle. Under the condition of the same NF density
disconnected fractures have better dispersion and can help to
enhance the complexity of HFs. When the approach angle and the
horizontal stress difference are located in the cross zone or near the
criterion, the presence of stress shadows makes HFs hardly form
branch fractures. When the approach angle and horizontal stress
difference are located in the open zone, the NFs can help the HFs to
form branch fractures., which can further enhance the complexity
of the HFs.
4. Conclusions

In this study, the HMD coupling HF propagation model is
established using the phase field method. This model considers the
dynamic distribution of flow between perforation clusters and the
inter-fracture interference during the fracturing process. The
propagation mechanism of HFs under single HF and single NF,
reservoir heterogeneity, single HF and NF clusters, multi-cluster HF
and NF clusters are investigated. Corresponding conclusions are
obtained.



Fig. 31. The results of propagation of multi-cluster HFs at different states of NFs.

Fig. 32. Fractal dimensions of multi-cluster HFs at different states of NFs.
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(1) The HMD coupling model in this study can accurately
simulate the influence of approach angle, stress difference
and cementation strength on the interaction mode of HF and
NF. The criterion in the open area and the cross area are not
fixed but gradually move to the lower left with the increase
of cementation strength.

(2) The reservoir heterogeneity is an important parameter
affecting the tortuosity of HF. When the reservoir shape
parameter m ¼ 5, even without the presence of NF, the tor-
tuosity of HF can reach 1.08.

(3) The greater the density of NFs and the smaller the horizontal
stress difference, the better the diverting performance of the
NFs on HF. With the increase of NF angle, the main
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interaction between HF and NFs gradually changes from
open to open and cross, and finally to cross. The NF angle is
not a decisive parameter to discriminate the interaction.
According to the relationship between the approach angle
and the NF angle, the contact relationship of HF can be
divided into three categories (a ¼ q, a< q and a> q).

(4) The conclusion that ODmax shows a strong correlation with
tortuosity does not apply to connected NF. The connected NF
can increase the complexity of HF by inducing it to form
branch fractures. Within a certain range, larger NF angles can
increase the complexity of HF. At an angle of ±45�, the fractal
dimension is 2.1280.

(5) The inter-fracture interference shows no, strong and weak
interference from the heel to the toe of the HF and mainly
acts on the outer HFs. This leads to the fact that at low angles,
the locationwhere the ODmax from the HF occurs is located in
the middle of the HF. Under the action of NFs, even HFs far
away from the injection can become the dominant fracture.
With the gradual increase of the NF angle, the inter-fracture
interference gradually becomes the main factor affecting HF
propagation.

(6) Multi-cluster HFs are generally less complex than single HF
due to the suppression of inter-fracture interference. When
the approach angle and the horizontal stress difference are
located in the crossing zone or neared criterion, the presence
of stress shadows makes the HFs almost not form a branch
fracture.
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