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Abstract

In this paper, hydraulic fracturing in fractured rock masses are studied using
peridynamics, with a special attention to the interaction mechanisms between
hydraulic fractures (HFs) and natural fractures (NFs). To achieve this objective, a
two-dimensional numerical model is firstly analyzed to understand the effects of the
in-situ stress, fracturing fluid viscosity, fracturing fluid injection rate, fracture friction
coefficient and fracture approach angle on the interaction between HFs and NFs. The
obtained results reveal that larger in-situ stress ratio, elevated friction coefficient,
increased fluid viscosity, enhanced injection rate and wider approach angle create
more favorable conditions for HF penetration into NF. After that, the fracture
morphologies in fractured rock are analyzed under three-dimensional, successfully
reproducing the 'diversion' interaction pattern between fractures, a phenomenon
unattainable in 2D modeling. It was observed that there exists a mixed interaction
mode between penetration and diversion, particularly when the length of NF is limited
and the angle between NF and HF is less than 90°. Finally, the propagation of HFs
within a 3D fractured rock mass featuring arbitrarily distributed joints (NFs) is
simulated, providing new insights into complex real-world scenarios.

Key words: Hydraulic fracturing; Peridynamics; Jointed rock; Interaction mechanism;
Three-dimensional modeling.

1. Introduction

Hydraulic fracturing in fractured rock formations is a challenging task. In fracturing
operations, the discontinuous interfaces, natural fractures (NFs) and joints will
interact with hydraulic fractures (HFs), affecting the propagation of HFs. The
existence of NFs and joints will also have an important impact on the formation of HF
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networks. The study of the interaction mechanisms between HFs and NFs is crucial
for the construction and design of hydraulic fracturing in fractured reservoirs.

In practice, understanding the interaction mechanisms between HF and NF
presents an important challenge due to the absence effective criteria for predicting the
interaction patterns and outcomes among the fractures. The theory of linear elastic
fracture mechanics (LEFM) is generally used to judge crack propagation based on
geometric information, such as position and direction at the crack tip. However, when
a HF is close to a NF, and the HF tip may coincide with the NF, the specific
geometric information of the fracture tip cannot be obtained, and the propagation
direction of the HF cannot be judged by the LEFM theory. Therefore, the interaction
mechanism between HFs and NFs can hardly be analyzed and simulated by LEFM
theory.

Some scholars have studied the interaction mechanism between HFs and NFs by
analyzing field data or experimental data. Warpinski and Teufel[1] conducted a
theoretical analysis based on the measured data of a mining site and considered that
the in-situ stress difference is the main factor determining whether HF can penetrate
NF. Blanton[2, 3] analyzed experimentally the influence of the approach angle and
principal stress difference on the interaction between HF and NF experimentally. The
closer the approach angle was to 90°, the easier HF passed through NF. Bunger et
al.[4] further studied the effect of approach angle on propagation morphology when a
HF penetrated a NF. Based on the experimental results, Beugelsdijk et al.[5]
summarized the effect of the stress distribution on the crack shape during the
interaction of a HF and NF. Llanos et al.[6] studied the influence of different factors
such as the friction coefficient of NF surface and viscosity of the fracturing fluid on
the interaction between HFs and NFs and pointed out that the higher the friction
coefficient and viscosity of the fracturing fluid, the more conducive it was to the HF
penetrating the NF. Guo et al.[7] also studied the influence of in-situ stress
distribution, fracturing fluid viscosity and treatment volume on the HF propagation in
fractured rock masses based on true triaxial tests. They pointed out that reasonable
fracturing fluid viscosity and displacement were the key factors, controlling the
fracturing effect in the studied fractured rock masses. In addition, Hanson et al.[8, 9],
Pippan et al.[10], and other scholars[1, 11] compared the effects of the in-situ stress
distribution, friction coefficient, approach angle and other factors on the interaction
processes between HFs and NFs. These obtained experimental studies revealed that
the influence of various factors on the interaction between HFs and NFs. However, it
is still difficult to analyze the interaction mechanism between HF and NF because
these tests cannot directly obtain crucial physical quantities, such as stress
distribution, pressure distribution and fracture aperture.

To explain the observed phenomena and quantitatively analyze the interaction
between HFs and NFs, series of theoretical analysis have been performed. Blanton et
al.[2] proposed a criterion to judge whether a HF can pass through a NF. In the
experimental tests, HF and NF were assumed to be perpendicular to each other with
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the neglect of the influence of fracturing fluid flow. According to this criterion, the
rock mass located on the side of the NF that is away from the HF may experience
tension-induced damage. Warpinski and Teufel[12] assumed that when the fracturing
fluid pressure at the intersection was higher than the normal stress on the NF surface,
the NF opened, On the other hand, when the rock mass slipped on both sides of the
NF, the HF could not penetrate the NF and consequently proposed a penetration
criterion considering the fracturing fluid pressure. Renshaw and Pollard[13] proposed
a criterion (the RP criterion) to verify whether a HF can penetrate a NF when the
approach angle is 90°. Gu and Wen[14] and Sarmadivaleh[15] improved the criterion
to judge whether HFs could penetrate NFs at any approach angle. In addition,
Anderson[16], Hanson et al.[17] and other scholars[18-20] theoretically analyzed the
influence of the friction coefficient, in-situ stress ratio and approach angle on the
interaction between HFs and NFs. These theoretical models often require additional
assumptions for simplification, and the models suitable for these criteria need to
satisfy certain geometric and boundary conditions (for example, the HF and the NF
should be perpendicular to each other), so they are difficult to apply to numerical
simulation and engineering design.

In parallel, a number of researchers have investigated the interaction mechanism
between HFs and NFs by numerical simulation. Shi et al.[21], Kohei et al.[22] and
Wang et al.[23] simulated the propagation process of a HF approaching a NF using
the extended finite element method (XFEM). However, due to the limitation of LEFM
theory, these models cannot judge the propagation path after the convergence of HF
and NF. After that, based on the previous theoretical research results mentioned
above, some scholars have improved the XFEM model to judge the propagation path
of cracks after HFs interact with NFs[24-26]. In addition, some scholars have
simulated the interaction process between HFs and NFs based on the displacement
discontinuous method (DDM) and finite element method (FEM) and studied the
influence mechanism of in-situ stress, layer properties, friction coefficient and
approach angle on the interaction process between fractures[27-34]. Zhang et al.[35]
have numerically investigated the process of HFs intersecting with NFs, and pointed
out that the factures' offsets can hinder hydraulic opening of segments under high
compression, reducing their permeability and consequently increasing overall
upstream fracture pressure and opening. Moreover, they observed that some injected
fluid is lost into closed empty fractures intersecting the main HF, thereby delaying the
necessary pressure increases for growth beyond the intersecting fracture. Behnia et
al.[36] studied the influence of the relative positions (approach angle and distance)
between HFs and NFs on the propagation path of HF based on DDM. Moradi et
al.[37] used the higher-order displacement discontinuous method (HODDM) to
simulate the propagation of HF in rock masses containing NFs. They proposed a
criterion to assess the interaction between HF and NF, noting the potential for HF to
penetrate opened NFs. Additionally they observed that once HF penetrates an NF,
subsequent penetrations decrease due to the decrease in fracturing fluid pressure.
Zhang et al.[38] simulated hydraulic fracturing in rock masses containing complex NF

networks using DDM. They pointed out that the most complex fracture patterns can
3
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be obtained when the maximum principal stress direction is perpendicular to the
principle natural fracture direction. Moreover, they found that increasing viscosity can
mitigate the adverse effects of stress anisotropy on fracturing efficiency. These
methods based on LEFM theory and traditional continuum mechanics still have some
problems in judging the initiation of newly generated cracks after HFs interact with
NFs. To overcome these problems, some scholars have used the discrete element
method (DEM)[39-43], the wvirtual multidimensional internal bond (VMIB)
method[44]and the FEM with damage elements[45, 46]. Compared with traditional
methods such as XFEM and BEM, these methods have advantages to simulate the
interaction process between HFs and NFs without additional assumptions. To
numerically study hydraulic fracturing in fractured rock masses more effectively, it is
necessary to solve the problem of fracture initiation (accompanied by penetration,
capture, offset, etc.) when the HFs interacts with the NFs and obtain sufficient
physical information (fracturing fluid pressure, fracture aperture, stress distribution)
to analyze the mechanism of interaction between the HFs and the NFs. Therefore, it is
necessary to establish a numerical framework that can not only simulate the
interaction between fractures without additional assumptions and criteria but also
obtain detailed physical information.

Peridynamics (PD)[47-49] is a recently developed numerical analysis method
based on nonlocal theory. PD solves physical fields by calculating integral in the
neighborhood of particles instead using differential calculations. It no longer
distinguishes between continuity and discontinuity, making it highly suitable for
modeling systems with arbitrarily distributed non-continuous interfaces. Based on
these characteristics, this paper establishes the hydraulic fracturing model based on
PD. Because the PD-based numerical framework is not constrained by the LEFM
theory, our model can simulate the interaction between HFs and NFs in a fractured
rock mass more effectively.

This paper employs a two-dimensional hydraulic fracturing numerical model to
comprehensively investigate the interaction mechanisms between HF and NF. The
study also explores the specific influences of geological conditions (in-situ stress
distribution), rock mechanics properties (friction coefficient), and construction
parameters (fracturing fluid viscosity and injection rate) on the interaction process.
Afterwards, utilizing a fully three-dimensional hydraulic fracturing numerical model,
the interaction patterns between HF and NF in three-dimensional rock mass will be
investigated. This revealed interaction modes between fractures that cannot be studied
through two-dimensional models. Finally, a fully three-dimensional fractured rock
mass model is constructed to simulate hydraulic fracturing within a rock mass
containing arbitrarily distributed natural fractures. The study focused on the
propagation patterns and distribution laws of HFs within the fractured rock mass.

2. Hydraulic fracturing model of a fractured rock mass based on PD

Based on the advantages of PD in simulating rock-like material fracture and
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progressive failure, we have developed and tested a 2D/3D fluid structure coupling
PD-based numerical framework for hydraulic fracturing[50, 51]. On the basis of our
self-developed hydraulic fracturing numerical model, this paper combines the
previously proposed PD contact-friction model, PD interface model[52],
bond-breaking criterion based on bond stress[53], and parallel computing based
calculation method[50] to establish a fractured rock mass numerical model, and
applies it to the investigation of hydraulic fracturing and the interaction mechanism
between fractures.

2.1. PD-based model of the fractured rock

In the PD-based model, a material point interacts with other material points
within its influence domain (referred to as the "family" region) through "bonds". The
interaction force between material points is termed as “bond force”. The equation of
motion for a material point can be written as[54]

p(ii(xt) = iy FEOAV. + Fy(xt) + J; TEHAV, (1)

where H, is the influence domain of the material. § is the relative position vector
between the material points (§=x’-x). V- is the volume of the material point. Fy(x.?) is
the body force density of the material point x. F(&,?) is the bond force density between
the material points associated with the elongation, which can be express as

[&nl-[¢

Sy
¢

F(§,t)=C
&9 e

/I(n7§9t)' (2)

where C is the micro modulus[49], n is the relative displacement vector of the
material points on the either side of the bond(n=u,-u,). u(n,&,?) is a historical scalar
indicating whether the bond is broken. When the bond between two material points is
broken, the value is 0; otherwise, the value is 1.

T(E,f) in Equation (1) represents the equivalent repulsive force applied to the
pairs of material points on either side of the broken bond, used to simulate the effect
of fluid pressure. Its expression is[55]:

6P

5
6P

ot

for 2D
T(&1)= 3)

for 3D

As mentioned in the first chapter, frictional forces play a significant role in the
interaction between HFs and NFs. Investigating the influence mechanism of frictional
on the interaction between the HF and the NF is one of the main focuses of this paper.
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The contact-friction model we developed earlier for PD-based models is capable of
effectively simulating hydraulic fracturing in a jointed rock mass[55, 56].

In the contact-friction model applicable to PD, there may be normal contact force
and frictional force between the adjacent particles if the bond between them has been

broken (|§| = Ax ,u(m,&,)=0,

é’;+n| < Ax). The normal contact force is expressed as[55,

56]
. C
Fcun(gﬂt):mln(agsnxojn'dl/x' (4)

where §, is the relative normal displacement between the adjacent material points, n is
the unit normal vector, and a is the adjustment coefficient (in this paper, 0=2).

According to Coulomb's law of friction, during the static friction phase

(|Fy| < 2 |F,on| ) the static friction between the adjacent points can be written as
C.
Frio (é’t):ﬂgstt.dV;' ®)]
Sli = Sl _Ssolide (6)

where t is the unit tangential vector of the relative displacement, f is the adjustment
coefficient (in this paper, a=3). S;’ is the increment of relative tangential displacement,
S; is the relative displacement and S, is the historical relative sliding displacement.
When the direction of the relative tangential velocity between the points is opposite to
the direction of the relative tangential displacement, the value of S’ is updated to
S;.

In addition to the contact-friction model applicable to PD, we have also proposed
a cohesive interface model suitable for PD (please refer to the published literature[57,
58]), which is crucial for simulating hydraulic fracturing of fractured rock masses.

In PD, material damage is characterized by the breakage of bonds between
material points. When a bond breaks, there is no longer interaction between the
material points on either side of that bond[47]. In the classical PD-based model, when
the elongation rate of a bond exceeds a critical elongation rate Sy that is related to the
material's fracture energy G., bulk modulus %, and the radius of the material point's
family o0 (as shown in Equation (7)), the bond will fracture (u(n,&,£)=0)[59].

;[T(;C for 2D
S, = (7)

ﬁ for 3D
9%ko
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The aforementioned bond-breaking criterion based on critical elongation rate is
inadequate for predicting shear failure, which plays a significant role in underground
engineering. Therefore, in our previous research, we have developed a bond-breaking
criterion based on the bond stress (Please refer to the published literature for
details[50]).

The damage value of a material point is calculated using the following equation:

I ﬂ('l:ré: t)de'
D(x,t)=1-—= J. v,

()

Equation (9) is employed to determine the locations of macroscopic fracture
segments: when the bond between the adjacent material points break, and the damage
values of both material points are no less than 0.24, it is considered that there is a
macroscopic fracture segment between the adjacent material points. More details on
the method for determining the position of macroscopic fractures can be found in our
published article[50].

-
ﬂ(‘bgat) =0
D(x,t)>0.24 )
D(x',£)>0.24

Due to the absence of intense dynamic responses or dynamic failure in the
hydraulic fracturing process, and also to enhance the stability of the numerical model,
the calculation of solid displacement adopts the adaptive dynamic relaxation method
(ADR)[54, 60].

2.2. Fracturing flow

This paper assumes that the fracturing fluid inside the fractures behaves as steady
state laminar flow. The fracture position is determined by Equation (9), and the
aperture of the fracture w can be obtained by calculating the relative displacement of
material points on either side of the fracture[53]. The flow rate Q per unit volume of
material point can be expressed as

kf
szf_vp (10)
Hy

where p,is the density of the fracturing fluid, «is the viscosity of the fracturing fluid,
and k1s the permeability of the fracture following the Cubic law as



247

248

249

250

251
252

253

254
255

256
257

258

259

260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277

P (11)

Based on Equations (10), the flow equation in the fracture can be written as

0(x.t) =Y a(&1) A, +1(x.1) (12)
4(&)=7 2L 5 () - POx) (13)
Hy |§|

where n is the number of fractures connected to fracture segment, /(x, ¢) is the input
flow rate per unit volume of fracture and y is the volume of the fracture. For a 3D

model, when the radius of the family of the fracture 6=Ax, y = dx+ q (x,t,8)1is
W

the flow rate to the fracture segment x along the bond &, 4, is the sectional area of
the fracture.

Based on the compressibility of the fluid, the rate of change of hydraulic pressure
within the fracture segment can be expressed as

Pty = (220 260 )y, (14)

Pr w(x,to)
where Kis the bulk modulus of the fracturing fluid.

Equations (12), (13), and (14) implement simulations of hydraulic fracturing
fluid flow within the fractures. Equation (3), along with the terms related to fracture
aperture w in Equations (11) and (14), demonstrate that the numerical framework can
achieve hydro-mechanical coupling. To ensure the convergence of the model,
different time step lengths are selected for the iteration of rock movement and
hydraulic pressure during fracturing. Specifically, the time step length A#; chosen for
simulating hydraulic fluid flow is significantly shorter than the time step length At
selected for simulating rock movement. To maximize computational efficiency while
ensuring model convergence, within each main time step A¢, the calculation proceeds
as follows: first, after computing the flow of fracturing fluid for n time steps, the
results (pressure changes) from the fluid flow simulation are incorporated into the
calculation of rock displacement. Upon completing the calculation of rock
displacement, the results (fracture opening rates) are then utilized for the subsequent n
time steps of fracturing fluid flow calculation. It is necessary to satisfy the condition
Aty = nAty = At. Due to the significant computational time required for 3D models,
parallel computing is introduced in this study to improve the computational efficiency
(the parallel computing process is described in our previously published work[56]).
The algorithmic flow of the numerical model is illustrated in Fig. 1.
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Fig. 1. Algorithm flow chart.

The accuracy and performance of the numerical framework used in this paper
have been validated in our published works[50, 61].

2.3. Validation of the numerical model for hydraulic fracturing in fractured rock

In our previous work, we have compared the numerical solution of this model with
the analytical solution based on the Khristianovich-Geertsma-de Klerk (KGD) model
to verify the accuracy of the proposed model[62]. In this paper, the interaction
between HFs and NFs is simulated, and the numerical results are compared with the
experimental results of Khoei et al.[24]. The numerical model is shown in Fig. 2.
There is a single NF in the model, and the displacement around the model is
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constrained. The test conditions and model parameters are shown in Table 1.

Table 1 Test conditions and model parameters

. Young's Poisson's
Specimen W H (x1,yl) (x2,y2) y0 .
modulus E ratio v
(30.5,4) (mm, (55.4.,42.16)
1 11lmm 45mm 279mm  36.5GPa 0.25
mm) (mm, mm)
(55.4,42.16) (98.12,46.07)
2 110mm  54mm 26.9mm  32.5GPa 0.25
(mm, mm) (mm, mm)

Specimen Fracture energy G,

Internal friction angle @ Cohesive force C

1 330J/m? 48° 20 MPa
2 330J/m? 48° 20 MPa
w
K N
K 7

O O 1O H O N O 1k O i O S O il O ik O Wk o i 0 1

. (X2,¥2)
/Hydrauic fracture

Yo \ H

Natural fracture

D

y (X1,y1)

X
) O O O O O O O O O O O

Fig. 2. Numerical model of the studied experimental tests.

It can be seen from Figs. 3 and 4 that the numerical simulation of HF
propagation path is basically consistent with the experimental results, indicates that
the developed model used in this paper is capable of reproducing the interaction
process of HFs and NFs correctly.
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Fig. 3. Comparison of test 1 results: (a) experimental results; (b) simulation results.

experiment 2

0 110

(a) (b)

Fig. 4. Comparison of test 2results: (a) experimental results; (b) simulation results.
3. Interaction mechanism between HF and NF

When a NF is close to a HF, two competing processes occur simultaneously. One
process is that with the opening of HF, the rock mass on the other side of NF will
crack under the action of friction (as shown in Fig. 5 (a)). The other one is that the
fracturing fluid enters NF and induces the opening of NF, weakening the friction
effects on the other side of the NF and preventing it from cracking (as shown in Fig. 5
(b)). These two processes compete with each other and influence each other. When
the first process is dominated, HF tends to penetrate NF. However, when the second
process dominates, HF tends to be captured by NF.
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Fig. 5. Two main processes occur when a NF approaches a HF: (a) the rock mass on
the other side of the NF cracks under the friction; (b) the fracturing fluid enters the NF
and induces the NF opening.

To study the influence of the friction coefficient, fracturing fluid viscosity,
in-situ stress and fracturing fluid injection rate on the interaction results of HF and NF
(i.e., the influence of different factors on the above two processes), the 2D model is
shown in Fig. 6. The model dimension is 3m * 3m, with an elastic modulus £ of the
model is 15 GPa, and a Poisson's ratio v of 0.25. The characteristic length Ax of
material particles is 0.025 m, and the individual time step Af is S5e-5 s (where the time
step for simulating rock deformation Az is 5e-5 s, and the time step for simulating
hydraulic fracturing fluid flow A#ris 5e-10 s). There is a vertical NF (noncohesive
fracture) in the center of the model. The HF propagates from the left side of the model
to the NF. The aperture of NF, the distribution of tensile stress on the right side of the
NF and the change in fracturing fluid pressure in NF are observed. This paper will
study the mechanisms of interaction between HF and NF by investigating the
distribution of in-situ stress (by adjusting the maximum horizontal stress oy and
minimum horizontal stress o), mechanical properties of fracture surfaces (by
adjusting the friction coefficient x4,), and construction parameters (by adjusting the
fracturing fluid viscosity u, and injection rate Q). The loading condition and model
parameters are given in Table 2.

Table 2 Loading conditions and model parameters of the sample with a vertical NF

c Minimum Maximum Friction Fracturing fluid  Injection rate
ase
horizontal stress 6,  horizontal stress oy coefficient uy, viscosity sy 0
A 3 MPa 4 MPa 0to 0.65 le-3 Pas le-3 mi/s
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B 3 MPa 3 to 6 MPa 0.25 le-3 Pas le-3 m3/s

2.5e-4 to S5e-3
C 3 MPa 4 MPa 0.25 le-3 m¥/s
Pa‘s
2.5e-4 to
D 3 MPa 4MPa 0.25 le-3 Pa's
le-3 m3/s

lllllll?lllllL=

,,,,,, S\ L I
Hydraulic

fracture Natural crack

CTTITTTITTITIT10

TTTTTTTITTITTTT]

Fig. 6. Diagram of the numerical model with a vertical NF
3.1. Effect of friction coefficient

Case A in Table 2 illustrates the effect of the friction coefficient on the interaction
between HF and NF. When HF is close to NF, the change of tensile stress at point B
with the change of friction coefficient 14;1s shown in Fig. 7(a). When HF extends to
point A (here, 1000 steps after the HF reaches point A is considered), the distribution
of tensile stress on the right side of the surface of NF is shown in Fig. 7(b).
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Fig. 7. Effect of the friction coefficient on the distribution of tensile stress on the right
side of the HF: (a) variation curve of tensile stress at point B; (b) distribution of
tensile stress on the right side of NF.

The obtained results show that, the tensile stress on the right side of NF increases
with friction coefficient, which may induce the HF penetrating the NF. Additionally,
Fig. 8(a) indicates that the tensile stress o,y on the right side of the NF is not directly
linearly proportional to the friction coefficient ug;, while the friction force is
significantly higher than u;,; 6. This observation is related to the fact that the sliding
friction is a typical nonlinear process and then the magnitude of frictional forces
acting on the fracture surfaces in each set of cases is not linearly proportional to the
friction coefficient. Since the areas of stress concentration near the HF tip (as shown
in Fig. 8), the friction force on the right side of NF will be significantly higher than
that of u4; oy
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Fig. 8. Schematic diagram of the stress concentration at the tip of the HF: (a)
distribution of o,; (b) distribution of cy,.

3.2. Effect of in-situ stress distribution

Case B illustrates the effect of the in-situ stress distribution (in-situ stress ratio) on the
interaction between HF and NF. In hydraulic fracturing, in-situ stress is an important
factor affecting the fracturing behavior. When HF is close to NF, the distribution of
in-situ stress will affect the contact force of NF surface, thus affecting the friction
force on the right side of the NF. At the same time, the distribution of in-situ stress
also affects the opening process of NF, as well as the interaction between the HF and
the NF. When HF is close to NF, the change in tensile stress at point B is shown in
Fig.9(a). When HF extends to point A, the tensile stress distribution on the right side

of the NF is shown in Fig. 9(b). The simulation results in Fig. 9 show that with the
14
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increase of in-situ stress ratio, the tensile stress on the right side of the NF increases.
Therefore, the greater the in-situ stress ratio is, the more likely the HF is to penetrate
the NF. Meanwhile, Fig. 9(a) shows that the in-situ stress ratio has little effect on the
crack propagation rate and rock mass deformation rate.
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Fig. 9. The influence of in-situ stress ratio on the distribution of tensile stress on the
right side of the HF: (a) the curve of tensile stress at point A (when the value reaches
its peak); (b) the distribution of tensile stress on the right side of the NF.

Combined with the contents of sections 4.1 and 4.2, following the model shown
in Fig. 10 and resetting the boundary conditions, the interaction results of HF and NF
under different in-situ stress ratios and friction coefficients are obtained by fixing o,
to 6 MPa and adjusting oy and uy;;. The numerical simulation results are compared
with the prediction results of the RP criterion (as shown in Equation (15), the
compressive stress is negative. Ty is the tensile strength of the rock, and in PD, 7, can
be related to the critical elongation of the bond[63]). The simulation results of this
model are consistent with the prediction results of the RP criterion[64] (Fig. 10).
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Fig. 10. Comparison of numerical results and R&P criteria on prediction results.
3.3. Effect of fracturing fluid viscosity

Case C illustrates the effect of fracturing fluid viscosity on the interaction between the
HF and the NF. The fracturing fluid viscosity affects the flow velocity and pressure
distribution of the fracturing fluid in the fractures. With the increase in the viscosity
of the fracturing fluid, the fracturing process changes from "toughness dominated"
to "viscosity dominated"[65]. At this time, the propagation speed and opening degree
of HF are decelerated. This observation can be explained by the fact that the speed of
the fracturing fluid entering the NF decreased.

Under different fracturing fluid viscosities, when HF propagates toward the point
A (1000 steps after the HF reaches point A), the numerical results are given in Fig.
11.
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Fig. 11. Influence of fracturing fluid viscosity on the interaction between HF and NF:
(a) aperture distribution of NF; (b) pressure distribution in the NF; (¢) curve of tensile
stress change at point B; (d) tensile stress distribution on the surface of NF (when the
value reaches its peak); (e) tensile stress distribution on the surface of NF (5000 steps
after the HF come into contact with NF).

According to the calculation results, with the increase in fracturing fluid
viscosity, the speed of the fracturing fluid entering the NF decreases significantly (as
shown in Fig. 11(c). When u=5 mPa-s, the fracturing fluid could not completely fill
the newly expanded space in the NF, so negative pressure arises in the NF), and the
HF aperture also decreases significantly (Fig. 11(a)). Although the peak friction on
the right side of the NF (at point B) decreases slightly with the increase in fracturing
fluid viscosity (Fig. 11(d)), the period during which friction is maintained at a high
value is significantly prolonged (Fig. 11(c) and (e); after 5000 steps of the HF
propagating to point A, the tensile stress acting on the right side of the NF is much
greater when g, is 5SmPa's than when u, is 1mPa-s). Therefore, the higher the
fracturing fluid viscosity, the more favorable it is for the HF to penetrate the NF. This
conclusion is consistent with that obtained by Llanos et al[6].
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3.4. Effect of injection rate

Case D illustrates the effect of the injection rate on the interaction between HF and
NF. With the increase in the injection rate of the fracturing fluid, the HF propagation
tends to be "toughness dominated". The injection rate affects the propagation and
opening rate of the HF, as well as the opening rate of NF. Therefore, the injection rate
also affects the interaction between NF and HF. Fig.12(a) shows the change curve of
the tensile stress at point B of NF surface for different injection rates; similarly, Fig.
12(b) shows the change curve of the fracturing fluid pressure in the NF near point B,
and Fig.12(c) reflects the change curve of the aperture of the NF near point B.
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Fig. 12. The influence of the fracturing fluid injection rate on the interaction between
HF and NF: (a) variation in the tensile stress at point B; (b) the pressure curve in the
NF near point B; (c) variation in the tensile stress at point B.

Fig. 12 shows that with the increase injection rate, although the increase in the
opening rate of NF (Figs. 12(b) and (c)) leads to the decrease in the period of high
friction force of the rock mass on the right side of NF (Fig. 12(a)), the increase in
injection rate can significantly increase the friction force of the rock mass on the right
side of the NF (Fig. 12(a)). Therefore, at higher injection rates, the rock mass on the
right side of NF is more likely to crack, and HF is more likely to penetrate NF.
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3.5. Effect of approach angle

To study the effect of the approach angle on the interaction between a HF and a NF, a
new hydraulic fracturing model is established, as shown in Fig. 13. The model size
and material parameters are the same as those in sections 4.1 to 4.4, and an inclined
cohesive joint is arranged in the model. The cohesive joint model can be referred to in
our published works[52]. The parameters and loading conditions of the model are
shown in Table 3. The emphasis here is that, to simulate real conditions as closely as
possible, the joint in this section is a cohesive fracture before opening (reference can
be made to our published work on the cohesive fracture PD model[52]). When the
cohesive fails and the joint opens, the frictional force and contact force on the fracture

surface come into effect.

Table 3 Loading conditions and model parameters.

Minimum Maximum o ) ) o
Approach ) ) Friction Fracturing fluid  Injection
horizontal stress  horizontal stress ) ) )
angle 6 coefficient uy, viscosity uy rate Q
Op OH
15-90° 10 MPa 12.5 MPa 0.6 15e-3 Pa's le-3 m¥/s

Fracture energy of the rock G

Fracture energy of the joint G,

100 J/m?

20 J/m?

LLLIILLTLILL]

Approach angle 0

Hydraulic
fracture

Natural fracture

CTTTTTTITITTITnNIT

TTTTTTTITTITIT]

Fig. 13. Diagram of the model with a cohesive joint.
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Because the NF is inclined, the rock mass on the right side of the NF is damaged
by not only tension but also the combined action of tension and shear. The failure
mechanism is complex, so it is not convenient to analyze the interaction between HF
and NF by comparing the stress distribution on the right side of the NF. When NF is
inclined, it is difficult to predict the position where NF will be penetrated by HF as
HF may not propagate along a straight line. Therefore, it is difficult to analyze the
influence of the approach angle on the interaction between the HF and the NF by
directly presenting the aperture and pressure distribution of the NF. Therefore, the
fracture propagation path and distribution will be studied to analyze the interaction
between NF and HF under different approach angles. The results of fracture
distribution at different approach angles are shown in Fig. 14, and the evolution of
fracture length is shown in Fig. 15.

Damage Damage
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Damage Damage [Damage
08 - 08
0s 08 0s
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Fig. 14. Fracture distribution in the case with different inclination angle of NF: (a)
6=15°;(b) 6=30°; (c) 6=45°; (d) 6=60°; (e) 6=75°; () 6=90°.
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Fig. 15. Evolution of fracture length: (a) length of the HF captured by the NF; (b)
length of the HF captured by the NF.

According to the simulation results, when the dip angle of NF is below 30°, HF
is completely captured by NF (Fig. 14(a)). When the dip angle of NF is between 30°
and 60°, HF bifurcates near NF: one branch being captured by the NF and the other
one penetrating it. Moreover, one observes that the propagation speed of HF increases
with the increase in the dip angle of NF (Fig. 15). When the dip angle of NF is 75° or
more, HF penetrates NF without capture. When the dip angle of HF is approximately
75°, it deviates slightly before penetrating NF (Fig. 14(e)). Whereas, when the angle
is 90°, HF bifurcates and traverses NF (both bifurcations directly penetrate the
interface, as shown in Fig.14(f)). The simulated bifurcation of fracture, while
penetrating a weakly adhesive interface, mirrors a previously verified experiment.
This phenomenon is coherent with the experimental data of [66], which is worthy of
further investigation. The simulation results also reveal a significant influence pattern
of HF and the morphology and propagation mode of the NF: when HF interacts with
NF (e.g. HF capture or deviation along NF), HF propagation slows while the aperture
widens. If HF directly penetrates the interface, it propagates faster, but with a lower
aperture (compare Fig. 14(f) with other images in Fig. 14, as well as compare the light
blue curve in Fig. 15(b) with other curves).

4. Interaction patterns between a HF and a NF in three-dimensional rocks

In the previous section, the interaction mechanisms between HF and NF have
been analyzed under 2D conditions. Additionally, the influencing factors, such as the
stress distribution, fracture surface friction coefficients, and hydraulic fracturing
construction parameters, on the interaction between HF and NF are investigated.
However, in actual hydraulic fracturing operations, both HFs and NFs present as
complex discontinuity in three-dimensional space[67]. In addition, the fracture
propagation depends on the in-situ triaxial stress field[52]. Although two-dimensional
hydraulic fracturing models are capable of revealing the principal interaction

21



486
487
488
489
490
491
492
493
494
495

496
497
498
499

500
501
502
503
504

505

506

507

508
509
510
511
512
513

mechanisms between NF and HF, the propagation patterns of fracture surfaces cannot
be captured by them. Another noteworthy point is that, based on the two-dimensional
model, researchers[68] have classified the interaction patterns between HF and NF as
penetration, deflection, and captured, et. Under three-dimensional conditions,
"diversion" is also identified as a significant interaction pattern (as shown in Fig. 16),
wherein HF bypasses NF and continues to propagate without penetration[69].This
particular interaction pattern can only be simulated using a three-dimensional model.
In this section, the interaction patterns between HFs and NFs under three-dimensional
conditions are investigated, as well as the propagation modes and distribution
characteristics of fracture surfaces.

The model’s dimensions are 1.05 m*1.05 m*1.8 m. The elastic modulus of the
studied material £ is 15 GPa, and the critical energy release rate G. is 100 J/m?. The
characteristic length of material points Ax is 0.03 m, and the time step Af used in the
calculations is 2.5¢-5 s. The injection rate of the fracturing fluid is 2e-4 m?/s.

For the convenience of studying the interaction morphology between HF and NF
in 3D, their relative positional relationships will be categorized into x-z oblique
intersection (NF's outward normal parallel to the x-z plane), y-z oblique intersection
(NF's outward normal parallel to the y-z plane), and x-y oblique intersection (NF's
outward normal parallel to the x-y plane).

” “ Diversion
Natural i Natural
fracturefil -~ fracture
’ Hydraulic

Hydraulig
PRl fracture,

fracture

Fig. 16. Diagram of the HF bypassing the NF.
4.1. The x-z oblique intersection

The "x-z oblique intersection" refers to the situation where the outer normal of NF is
parallel to the x-z plane (Fig. 17). This case is similar to a two-dimensional model,
which has been studied in previous section. Different interaction modes between HF
and NF can be obtained by adjusting in-situ stress distribution (o, oy, and o),
fracturing fluid viscosity u; and NF dip angle 6. The boundary conditions and
construction parameters for each group of cases are given in Table 4.
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Fig. 17. Diagram of the x-z oblique intersection.

Table 4 Boundary conditions and construction parameters of the x-z oblique
intersection model.

Case Horizontal Horizontal Vertical Friction Fracturing fluid
stress o stress Gy stress G, coefficient p, viscosity sy
A 10 MPa 10 MPa 10 MPa 0.45 10 mPa-s 60°
B 10 MPa 10 MPa 10 MPa 0.45 60 mPa-s 60°
C 10 MPa 30 MPa 10 MPa 0.45 10 mPa-s 60°
D 10 MPa 10 MPa 10 MPa 0.45 10 mPa-s 75°
E 20 MPa 10 MPa 10 MPa 0.45 10 mPa-s 75°

The injection volume of fracturing fluid pump Q, is approximately 2.5e-5 m? in
each case (Fig. 18). The simulation results indicate that the "capture" state in the 3D
(Fig. 18(a)) differs significantly from those in 2D[68, 70]. In 3D model, the edges of
HF and NF come into contact and fuse, resulting in the upper end of the NF forming a
shape resembling a "sunshade" (i.e., after HF is captured by NF, NF not only
propagates in the x-direction but also extends in the x-z plane). In Case B, the
increased viscosity of the fracturing fluid (4=60 mPa-s) leads to a reduced rate of
fluid influx into NF, limiting the opening of NF and thereby promoting HF to bypass
it. As revealed in our previous research[50], an increase in horizontal stress along the
y-direction can promote the propagation of HF in the perpendicular direction
(x-direction). Therefore, in the Case C, with the increasing of oy, HF not only
penetrates NF but also bypass the NF, propagating on the other side of NF (as shown
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in Fig. 18(d)). In the Case D, despite having construction parameters and boundary
conditions identical to Case A, the increased dip angle (8=60° in case A, while 6#=60°
in case D) of NF induces HF to bypass it. Therefore, with the growing inclination
angle, the diversion occurrence becomes more likely (comparing Fig. 18(f) to Fig.
18(a)). Furthermore, although HF bypasses NF in both Case B and Case D, in the
scenario with a smaller dip angle (Case B), there is also lateral displacement of HF
during bypassing. In other words, the simulation results of the Case B exhibit a mixed
form of bypassing and deflection. The Case E (Figs. 18(g) and (h)) further validates
the conclusions from Section 4. These observations indicate the horizontal stress
increases, the frictional forces acting on the surface of NF also increase and then
facilitatesthe penetration of HF through NF. In this particular case, due to the incline
of NF, there is also lateral displacement of HF as it penetrates NF, resulting in an
arched distribution of HF on the other side of NF. The obtained results further
indicate that, despite the distribution pattern of fractures in 2D closely resembling the
x-z intersection, the 3D model is still capable of reproducing numerically a more
diverse and accurate pattern of fracture propagation.

k.
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Fig. 18. Fracture distribution of different cases in x-z oblique intersection: (a) case A;
(b) case B; (d) case C; (¢) case D (Q,= 2.25 m¥); (f) case D (Q,= 2.25 m?); (g) case E;
and fracturing fluid pressure distribution of case B (C) and case E (h).

Furthermore, the three-dimensional model's capacity to accurately simulate the
propagation of HF in the height (or width) direction presents a challenge for NF
propagation once it intersects with HF. This presents a notable deviation from the
assumption made in 2D, where fractures are typically assumed to extend infinitely in
the height direction. This phenomena has been discussed in our previous studies[50].

4.2. The x-y oblique intersection

The "x-y oblique intersection" refers to the crack distribution pattern when the
external normal of HF is parallel to the x-y plane, which cannot be studied in a
two-dimensional model. Table 5 lists the boundary conditions and construction
parameters for each group of cases. The angle between HF and the y-z plane is 25°.
The remaining fundamental parameters of the numerical model in this section are
consistent with those outlined in Section 5.1.

Table S Boundary conditions and construction parameters of the x-y oblique
intersection model.

), 8 Horizontal Horizontal Vertical Friction Fracturing fluid  Length of
stress oy stress Gy stress 6,  coefficient ug, viscosity the NF L
F 15 MPa 10 MPa 10 MPa 0.45 10 mPa-s 0.6 m
G 15 MPa 10 MPa 10 MPa 0.6 10 mPa-s 0.6 m
H 15 MPa 10 MPa 10 MPa 0.45 50 mPa-s 0.6 m
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The simulation results of the fracture distribution and fracturing fluid pressure
distribution when the injection volume of fracturing fluid pump Q, is approximately
2e-5m3 are shown in Fig. 19. In Case F, HF is entirely captured by NF, incapable of
penetrating or bypassing it (Fig. 19(a)). Conversely, in Case I, due to the halving of
the NF's length compared to that in Case F, the HF bypasses the NF (Fig. 19(g)).
Hence, the length of the NF significantly influences the HF's ability to bypass it. In
Case G, due to the increased friction coefficient of the fracture surface, HF penetrated
NF. In contrast, in Case H, the elevated fracturing fluid viscosity restricted the rate of
pressure increase within NF (Fig. 19(f)), consequently limiting the opening speed of
NF. This restriction facilitated HF penetration through NF, while simultaneously
giving rise to the phenomenon of HF bypassing NF (Fig. 19(e)), thus a mixed
propagation form involving both penetration and circumvention occurs in Case H.
This also results in the boundary of HF in Case H being closer to a smooth arc
compared to that in Case G.
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Fig. 19. Simulation results of the x-y oblique intersection: (a) fracture distribution of
case F; (b) fracturing fluid pressure distribution of case F; (c) fracture distribution of
case G; (d) fracturing fluid pressure distribution of case G; (e) fracture distribution of
case H; (f) fracturing fluid pressure distribution of case H; (g) fracture distribution of
case [; (h) fracturing fluid pressure distribution of case I.

4.3. The y-z oblique intersection

The "x-y oblique intersection" refers to the crack distribution pattern when the
external normal of HF is parallel to the x-y plane, which cannot be studied using a 2D
model. The used boundary conditions and model parameters are listed in Table 6,
where @ represents the angle between NF and the x-y plane. In this section, the
friction coefficient uy; is 0.3, the fracturing fluid viscosity uis 10 mPa-s. In cases J,
K, and L, the angle between the hydraulic fractures (HF) and the x-y plane is 90°,
which represents a special fracture distribution pattern known as "orthogonal".

When the NF is parallel to the y-z plane, HF does not penetrate NF, and the
propagation pattern of HF is a combination of "capture" and "diversion". Whether NF
can separate the influx of fracturing fluid and expand is the focal point of this section.
Therefore, the friction coefficient and fracturing fluid viscosity are fixed in this set of
cases (these two parameters mainly affect the penetration of the HF), and different

fracture propagation patterns are obtained by adjusting the in-situ stress distribution.
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Table 6 Boundary conditions of the y-z oblique intersection model.

Case Horizontal stress 6,  Horizontal stress 6,  Vertical stress 6, 0

J 10 MPa 10 MPa 10 MPa 90°
K 10 MPa 5 MPa 10 MPa 90°
L 10 MPa 10 MPa 20 MPa 90°
M 10 MPa 10 MPa 15 MPa 45°
N 10 MPa 5 MPa 10 MPa 45°

Fig. 20 shows the simulation results of the distribution of fracture and fluid
pressure of cases J to N. During hydraulic fracturing, the HF are only likely to
propagate when the fracturing fluid pressure is roughly not lower than the sum of the
normal stress on the fracture plane and the tensile strength of the rock. This also
explains one of the influencing mechanisms in the propagation of HFs and NFs
concerning the distribution of in-situ stress. In case J, the normal stress acting on the
HF (0,=10 MPa) is equal to the normal stress acting on the HF (c,=10 MPa).
Additionally, due to the viscosity of the fracturing fluid (resulting in higher fracturing
fluid pressure near the wellbore compared to the far end), the fracturing fluid pressure
within the NF does not meet the conditions (as described above) required to sustain
the expansion of the natural fractures (as shown in Fig. 20(c)). Therefore, the NF in
case J dose not open or propagate (Figs. 20(a) and (b)). In case K, the normal stress
acting on the HF is significantly higher than the normal stress acting on the HF.
Therefore, the pressure of the fracturing fluid flowing from HF into NF is sufficient to
cause the NF to open and propagate (Fig. 20(d)). In case L, due to the significant
increase in vertical in-situ stress (6,20 MPa) compared to horizontal in-situ stress
(0x=0,=20 MPa), the HF bifurcates and propagates in the vertical direction (Fig.
20(e)). This is in line with the theory that the HF propagates parallel to the maximum
principal stress direction. Based on the simulation results of the two-dimensional
model, we preliminarily believe that when the ratio of the difference between vertical
in-situ stress and rock tensile strength to horizontal in-situ stress is higher than a
certain critical value, HF will bifurcate and deflect towards the vertical direction. The
mechanism by which the originally horizontally distributed HF bifurcates and deflects
to the vertical direction is still worth further discussion in the future. In cases M and
N, the normal stress acting on the HF (c,) is significantly greater than that acting on
the NF (o,*cosf+c,*sind), resulting in the NF opening and propagating. In case M,
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where o,~=c,, the NF does not deflect but rather propagate within their respective
plane. On the other hand, in case N, where o, is greater than o, the net force
experiences deflection and propagate within the x-z plane. Due to the significantly
smaller difference between the normal stresses acting on the HF surface and NF
surface in Case M (o,-(0,*cosf+o,*sinf))) compared to the difference in Case N
(o,-0y), the propagation rate of the HF in Case M is noticeably greater than that in
Case N. Conversely, the propagation rate of the NF in Case M is significantly slower

than that in Case N.
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Fig. 20. Simulation results of the x-y oblique intersection: (a) fracture distribution of

(h)
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case J; (b) fracture aperture distribution of case J; (c¢) fracture fluid pressure
distribution of case J; (d) fracture distribution of case K; (e) fracture distribution of
case L; (f) fracture distribution of case M; (g) fracture distribution of case N; (h)
fracture fluid pressure distribution of case N.

5. Numerical simulation of hydraulic fracturing in a jointed rock mass

Based on the careful investigation of the interaction mechanisms between HF and a
single NF, as well as the morphology of fracture propagation mentioned earlier, this
section conducts simulations of hydraulic fracturing in reservoirs containing fractures
with arbitrary distributions. Despite a significant amount of numerical research
published on hydraulic fracturing in fractured rock formations, much of it has been
based on two-dimensional models or pseudo-three-dimensional (P3D) models. As
revealed in this work, the interaction between HFs and NFs are challenging to analyze
using two-dimensional models. Therefore, it is a needed to develop more
sophisticated true-three-dimensional models to simulate the hydraulic fracturing of
jointed rocks.

A three-dimensional jointed rock model, as shown in Fig. 21, has been
constructed with dimensions of 1.8m*1.8m*1.05m. The elastic modulus of the rock £
is 15 GPa, and the critical energy release rate for the rock G, is 100 J/m?. The
characteristic length of material points Ax is 0.03 m, and the time step Af used in the
calculations is 2.5e-5 s. The injection rate of the fracturing fluid is 2e-4 m3/s. The
boundary conditions and model parameters are listed in Table 7, where @ represents
the angle between the NF and the x-y plane.

Fig. 21. 3D fractured rock mass model diagram

Table 7 Boundary conditions and construction parameters of the jointed rock model.

Case

Horizontal

stress oy

Horizontal

stress Gy

Vertical

stress o,

Friction

coefficient fiz;

Fluid viscosity

i

0
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657
658
659
660
661
662
663
664
665
666
667
668
669
670
671

A 10 MPa 10 MPa 10 MPa 0.45 15 mPas 60°
B 20 MPa 10 MPa 10 MPa 0.45 15 mPas 60°
C 20 MPa 10 MPa 10 MPa 0.8 15 mPas 60°
D 20 MPa 10 MPa 10 MPa 0.8 50 mPa-s 60°
E 10 MPa 10 MPa 10 MPa 0.45 15 mPa-s 75°
F 20 MPa 10 MPa 10 MPa 0.8 15 mPas 75°

Fig. 22 shows the simulation results of hydraulic fracturing in jointed rock when
the injection volume Qv is about le-4 m3. In Cases A and E, the vertical and
horizontal stresses are equal. Therefore, after being captured by the nearest NF, the
HF primarily propagates within the plane where the NF is located, rather than
continuing to propagate within the horizontal plane. Therefore, when the difference in
in-situ stresses is small, NFs will significantly deflect the propagation direction of HF
and restrict the propagation of HF in the length direction. When the difference
between vertical stress and horizontal stress reaches 10 MPa (case B), the HF will
penetrate or bypass the NF and mainly propagate in the x-y plane (as shown in Figs.
22(c) and (d)). As the fracturing fluid viscosity further increases (=50 mPa-s), the
surface of the HF becomes smoother, indicating that the HF tends to propagate more
within the x-y plane. On the basis of the construction parameters and boundary
conditions in Case B, increasing the dip angle of NFs to 75 °, it is obvious that the HF
has a faster propagation rate in the x-y plane, which also verifies an obvious rule that
a larger approaching angle is more conducive to HF penetrating NF.

(a) (b) (©)
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Fig. 22. Simulation results of hydraulic fracturing in a jointed rock mass: (a) fracture
distribution of case A (Qv=0.5e-4 m?); (b) the projection of fractures in the x-y plane
of Case A (Qv=0.5e-4 m?); (¢) fracture distribution of case B; (d) the projection of
fractures in the x-y plane of Case B; (e) fluid pressure distribution of case C; (f)
fracture distribution of case C; (g) fracture distribution of case D; (h) the projection of
fractures in the x-y plane of Case D; (i) fracture distribution of case E (Qv=0.5¢-4
m?); (j) the projection of fractures in the x-y plane in Case E (Qv=0.5¢-4 m?%); (k)

fracture distribution of case F; (I) the projection of fractures in the x-y plane in Case
F.
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6. Conclusions and discussions

In this article, a self-developed 2D/3D hydraulic fracturing model for fractured rock
masses is constructed and used to study the mechanism of fracture interaction and the
morphology of fracture propagation in hydraulic fracturing of jointed rock masses.
The main research conclusions of this article are as follows:

(1) Based on the two-dimensional numerical model, we clearly illustrated the
influence of the in-situ stress ratio, fracture surface friction coefficient, fracturing
fluid viscosity, injection rate and fracture dip angle (approach angle) on the
interaction between HFs and NFs. The results show that the greater the in-situ stress
ratio, the greater the friction coefficient on the NF surface is, and the more likely the
HF penetrates the NF. The simulation results closely align with predictions based on
the RP criterion[64] and are also consistent with the conclusions obtained by Zhou et
al.[68] through numerical simulations. With the increase in fracturing fluid viscosity,
the rate of fracturing fluid entering a NF decreases, and the rate of pressure rise in the
NF also decreases. At this time, the action time of tensile stress on the NF surface is
prolonged, which is more conducive for the HF to penetrate the NF. The numerical
research results on the effect of fracturing fluid viscosity on the interaction between
HF and NF are consistent with the experimental ones of Llanos et al[6]. A higher
injection rate is beneficial to increase the peak tensile stress on the surface of the NF,
which is also conducive for the HF to penetrate the NF. As the dip angle of the NF
increases, the HF undergoes a sequence of propagation modes, including complete
captured, bifurcation and penetration, deviation and penetration, and complete
penetration (possibly with bifurcation). Compared to the scenario where the HF
directly penetrates the NF, the interaction between the HF and the NF significantly
restricts the propagation velocity of the HF and increases the aperture of the HF,
which is consistent with the conclusion obtained by Zhang et al.[35] through
numerical simulation.

(2) The subsequent study focused on the interaction morphology between the HF and
the NF in three-dimensional rocks. The simulation results indicate that “diversion” is
an important interaction mode between the HF and the NF in three-dimensional rocks.
Larger dip angle of the NF and higher fracturing fluid viscosity are beneficial for the
HF to bypass the NF, and this interaction mode cannot be simulated using
two-dimensional models. The simulation results of the 3D model also indicate that
there exists a mixed interaction mode of penetration and diversion when the length of
the NF is limited and the angle between the NF and the HF is less than 90°. The
fracturing fluid will preferentially flow into the fracture with the lowest sum of
normal stress and rock tensile strength. Only when the normal stress acting on the
surface of the HF is significantly greater than the normal stress on the surface of the
NF can the NF propagate.

(3) Simulation results of hydraulic fracturing in three-dimensional fractured rock
masses indicate that larger horizontal stress differentials, higher fracturing fluid
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viscosity, and greater dip angle of NFs are favorable for the horizontal propagation of
the HF within the horizontal plane, reducing HF roughness. When the horizontal
stress differential is relatively small, the HF may be captured by NFs, altering the
propagation direction and causing propagation in the vertical direction. The
simulation results are similar to the conclusions drawn by Beugelsdijk et al.[71], as
well as Fan and Zhang[72] from the experiment.
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Highlights

(1) A self-developed peridynamics-based 2D/3D hydraulic fracturing model to
simulate fracture propagation in fractured rock.

(2) The hydro-mechanical coupling mechanism of the interaction between hydraulic
fracture and natural fracture is revealed.

(3) The interaction modes between fractures in a 3D rock mass are explored,
including scenarios where the hydraulic fracture bypasses the natural fracture.

(4) The propagation of intricate fracture networks in a 3D fractured rock mass is
simulated.
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