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10 Abstract

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

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

29 1. Introduction

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

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

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

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

93 In parallel, a number of researchers have investigated the interaction mechanism 
94 between HFs and NFs by numerical simulation. Shi et al.[21], Kohei et al.[22] and 
95 Wang et al.[23] simulated the propagation process of a HF approaching a NF using 
96 the extended finite element method (XFEM). However, due to the limitation of LEFM 
97 theory, these models cannot judge the propagation path after the convergence of HF 
98 and NF. After that, based on the previous theoretical research results mentioned 
99 above, some scholars have improved the XFEM model to judge the propagation path 

100 of cracks after HFs interact with NFs[24-26]. In addition, some scholars have 
101 simulated the interaction process between HFs and NFs based on the displacement 
102 discontinuous method (DDM) and finite element method (FEM) and studied the 
103 influence mechanism of in-situ stress, layer properties, friction coefficient and 
104 approach angle on the interaction process between fractures[27-34]. Zhang et al.[35] 
105 have numerically investigated the process of HFs intersecting with NFs, and pointed 
106 out that the factures' offsets can hinder hydraulic opening of segments under high 
107 compression, reducing their permeability and consequently increasing overall 
108 upstream fracture pressure and opening. Moreover, they observed that some injected 
109 fluid is lost into closed empty fractures intersecting the main HF, thereby delaying the 
110 necessary pressure increases for growth beyond the intersecting fracture. Behnia et 
111 al.[36] studied the influence of the relative positions (approach angle and distance) 
112 between HFs and NFs on the propagation path of HF based on DDM. Moradi et 
113 al.[37] used the higher-order displacement discontinuous method (HODDM) to 
114 simulate the propagation of HF in rock masses containing NFs. They proposed a 
115 criterion to assess the interaction between HF and NF, noting the potential for HF to 
116 penetrate opened NFs. Additionally they observed that once HF penetrates an NF, 
117 subsequent penetrations decrease due to the decrease in fracturing fluid pressure. 
118 Zhang et al.[38] simulated hydraulic fracturing in rock masses containing complex NF 
119 networks using DDM. They pointed out that the most complex fracture patterns can 
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120 be obtained when the maximum principal stress direction is perpendicular to the 
121 principle natural fracture direction. Moreover, they found that increasing viscosity can 
122 mitigate the adverse effects of stress anisotropy on fracturing efficiency. These 
123 methods based on LEFM theory and traditional continuum mechanics still have some 
124 problems in judging the initiation of newly generated cracks after HFs interact with 
125 NFs. To overcome these problems, some scholars have used the discrete element 
126 method (DEM)[39-43], the virtual multidimensional internal bond (VMIB) 
127 method[44]and the FEM with damage elements[45, 46]. Compared with traditional 
128 methods such as XFEM and BEM, these methods have advantages to simulate the 
129 interaction process between HFs and NFs without additional assumptions. To 
130 numerically study hydraulic fracturing in fractured rock masses more effectively, it is 
131 necessary to solve the problem of fracture initiation (accompanied by penetration, 
132 capture, offset, etc.) when the HFs interacts with the NFs and obtain sufficient 
133 physical information (fracturing fluid pressure, fracture aperture, stress distribution) 
134 to analyze the mechanism of interaction between the HFs and the NFs. Therefore, it is 
135 necessary to establish a numerical framework that can not only simulate the 
136 interaction between fractures without additional assumptions and criteria but also 
137 obtain detailed physical information.

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

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

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

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

169 2.1. PD-based model of the fractured rock

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

174 𝜌(𝑥)𝐮(𝑥,𝑡) = ∫Hx
𝐅(𝛏,𝑡)d𝑉𝑥' + 𝐅𝐛(𝑥,𝑡) + ∫Hx

𝐓(𝛏,𝑡)d𝑉𝑥'
                     

    (1)

175 where Hx is the influence domain of the material. ξ is the relative position vector 
176 between the material points (ξ=x’-x). Vx’ is the volume of the material point. Fb(x,t) is 
177 the body force density of the material point x. F(ξ,t) is the bond force density between 
178 the material points associated with the elongation, which can be express as 

179     '

+ - +, , ,
+ xt C t dVm= ×

ξ η ξ ξ ηF ξ η ξ
ξ ξ η                                       

(2)

180 where C is the micro modulus[49], η is the relative displacement vector of the 
181 material points on the either side of the bond(η=ux’-ux). μ(η,ξ,t) is a historical scalar 
182 indicating whether the bond is broken. When the bond between two material points is 
183 broken, the value is 0; otherwise, the value is 1.

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

187  
3

4

6  for 2D
,

6  for 3D

P

t
P

pd

pd

ì
ïïT = í
ï
ïî

ξ

                                                  

(3)

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

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

195 broken ( x= Dξ ,μ(η,ξ,t)=0, + x£ Dξ η ). The normal contact force is expressed as[55, 

196 56]

197
'( ) min 0n x

Ct α S , dV
δ

æ ö= ×ç ÷
è ø

conF ξ, n                                               (4)

198 where Sn is the relative normal displacement between the adjacent material points, n is 
199 the unit normal vector, and α is the adjustment coefficient (in this paper, α=2).

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

201 ( frim£fri conF F ), the static friction between the adjacent points can be written as

202
  '

t ', x
Ct S dVb
d

= ×fri0F ξ t                                                     (5)

203 0't t slideS S S= -                                                             (6)

204 where t is the unit tangential vector of the relative displacement, β is the adjustment 
205 coefficient (in this paper, α=3). St' is the increment of relative tangential displacement, 
206 St is the relative displacement and S0

slide is the historical relative sliding displacement. 
207 When the direction of the relative tangential velocity between the points is opposite to 
208 the direction of the relative tangential displacement, the value of S0

slide is updated to  
209 St.
210     In addition to the contact-friction model applicable to PD, we have also proposed 
211 a cohesive interface model suitable for PD (please refer to the published literature[57, 
212 58]), which is crucial for simulating hydraulic fracturing of fractured rock masses.

213 In PD, material damage is characterized by the breakage of bonds between 
214 material points. When a bond breaks, there is no longer interaction between the 
215 material points on either side of that bond[47]. In the classical PD-based model, when 
216 the elongation rate of a bond exceeds a critical elongation rate S0 that is related to the 
217 material's fracture energy Gc, bulk modulus k, and the radius of the material point's 
218 family δ (as shown in Equation (7)), the bond will fracture (μ(η,ξ,t)=0)[59].

219 0

 for 2D
3

5  for 3D
9

c

c

G
kS
G

k

p
d

p
d

ì
ï
ï= í
ï
ïî                                                     

(7)
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220 The aforementioned bond-breaking criterion based on critical elongation rate is 
221 inadequate for predicting shear failure, which plays a significant role in underground 
222 engineering. Therefore, in our previous research, we have developed a bond-breaking 
223 criterion based on the bond stress (Please refer to the published literature for 
224 details[50]).

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

226
( , , )

( , ) 1 x

x

H

H

μ t dV
D t

dV
= -

ò

ò

x'

x'

η ξ
x                                              (8)                                                 

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

233

 
 
 

, , 0
, 0.24
, 0.24

dx
t

D t
D t

m
ì =
ï =ï
í ³ï
ï ³î

ξ
η ξ
x
x'

                                                          (9)

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

238 2.2. Fracturing flow

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

244
f

f
f

k
Q Pr

m
= Ñ                                                            (10)

245 where ρf is the density of the fracturing fluid, μf is the viscosity of the fracturing fluid, 
246 and kf is the permeability of the fracture following the Cubic law as
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247

12

2wk f =                                                                (11)

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

249
     'x

1
x, , ,

n

x
i

Q t q t A I x t
=

= × +å ξ                                              (12)

250
 , ( ( ', ) ( , ))f f

f

k
q t P t P t

r
g

m
= -ξ x x

ξ                                            (13)

251 where n is the number of fractures connected to fracture segment, I(x, t) is the input 
252 flow rate per unit volume of fracture and γ is the volume of the fracture. For a 3D 

253 model, when the radius of the family of the fracture δf=Δx, 2

1
dx w

g =
×

. q (x, t, ξ) is 

254 the flow rate to the fracture segment x along the bond ξ, Axx’ is the sectional area of 
255 the fracture.

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

258 𝑃(𝑥,𝑡) = 𝑄(𝑥,𝑡)
𝜌𝑓

― 𝑤(𝑥,𝑡)
𝑤(𝑥,𝑡0)

𝐾𝑓

                                               
(14)

259 where Kf is the bulk modulus of the fracturing fluid.

260 Equations (12), (13), and (14) implement simulations of hydraulic fracturing 
261 fluid flow within the fractures. Equation (3), along with the terms related to fracture 
262 aperture w in Equations (11) and (14), demonstrate that the numerical framework can 
263 achieve hydro-mechanical coupling. To ensure the convergence of the model, 
264 different time step lengths are selected for the iteration of rock movement and 
265 hydraulic pressure during fracturing. Specifically, the time step length Δtf chosen for 
266 simulating hydraulic fluid flow is significantly shorter than the time step length Δts 
267 selected for simulating rock movement. To maximize computational efficiency while 
268 ensuring model convergence, within each main time step Δt, the calculation proceeds 
269 as follows: first, after computing the flow of fracturing fluid for n time steps, the 
270 results (pressure changes) from the fluid flow simulation are incorporated into the 
271 calculation of rock displacement. Upon completing the calculation of rock 
272 displacement, the results (fracture opening rates) are then utilized for the subsequent n 
273 time steps of fracturing fluid flow calculation. It is necessary to satisfy the condition 
274 Δts = nΔtf = Δt. Due to the significant computational time required for 3D models, 
275 parallel computing is introduced in this study to improve the computational efficiency 
276 (the parallel computing process is described in our previously published work[56]). 
277 The algorithmic flow of the numerical model is illustrated in Fig. 1.
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278

Read model 
parameters

Divide influence 
area (horizon)

Thread 1

Thread 4

Thread 1

Step<n

Bond-breaking 
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Bond force, friction, 
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displacement
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End
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Fracture flow

Thread 2

Thread 3

Thread 1

Thread 2

Thread 3

Thread 4

Thread 1

Thread 1

Thread 2

Thread 3

Thread 4

Thread 1

Thread 1

Thread 2

Thread 3

Thread 4

Thread 1

Thread 1

Thread 2
Thread 1

End of the step

nf<Δts/Δtf
Yes

nf=nf+1

No

nf=0

279 Fig. 1. Algorithm flow chart.

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

282 2.3. Validation of the numerical model for hydraulic fracturing in fractured rock

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

290 Table 1 Test conditions and model parameters

Specimen W H (x1,y1) (x2,y2) y0
Young's 

modulus E
Poisson's 

ratio ν

1 111mm 45mm
(30.5,4) (mm, 

mm)
(55.4.,42.16) 
(mm, mm)

27.9mm 36.5GPa 0.25

2 110mm 54mm
(55.4,42.16) 
(mm, mm)

(98.12,46.07) 
(mm, mm)

26.9mm 32.5GPa 0.25

291

Specimen Fracture energy Gc Internal friction angle φ Cohesive force C

1 330J/m2 48° 20 MPa

2 330J/m2 48° 20 MPa

292

Qinj

x
y

y0

(x2,y2)

(x1,y1)

W

H

Hydraulic fracture

Natural fracture

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

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

298 Fig. 3. Comparison of test 1 results: (a) experimental results; (b) simulation results.

299

(a) (b)

300 Fig. 4. Comparison of test 2results: (a) experimental results; (b) simulation results.

301 3. Interaction mechanism between HF and NF

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



12

Hydraulic 
fracture

friction

friction

(a)

Hydraulic 
fracture

Natural Fracture 
opening

(b)

310 Fig. 5. Two main processes occur when a NF approaches a HF: (a) the rock mass on 
311 the other side of the NF cracks under the friction; (b) the fracturing fluid enters the NF 
312 and induces the NF opening.

313 To study the influence of the friction coefficient, fracturing fluid viscosity, 
314 in-situ stress and fracturing fluid injection rate on the interaction results of HF and NF 
315 (i.e., the influence of different factors on the above two processes), the 2D model is 
316 shown in Fig. 6. The model dimension is 3m * 3m, with an elastic modulus E of the 
317 model is 15 GPa, and a Poisson's ratio ν of 0.25. The characteristic length Δx of 
318 material particles is 0.025 m, and the individual time step Δt is 5e-5 s (where the time 
319 step for simulating rock deformation Δts is 5e-5 s, and the time step for simulating 
320 hydraulic fracturing fluid flow Δtf is 5e-10 s). There is a vertical NF (noncohesive 
321 fracture) in the center of the model. The HF propagates from the left side of the model 
322 to the NF. The aperture of NF, the distribution of tensile stress on the right side of the 
323 NF and the change in fracturing fluid pressure in NF are observed. This paper will 
324 study the mechanisms of interaction between HF and NF by investigating the 
325 distribution of in-situ stress (by adjusting the maximum horizontal stress σH and 
326 minimum horizontal stress σh), mechanical properties of fracture surfaces (by 
327 adjusting the friction coefficient μfir), and construction parameters (by adjusting the 
328 fracturing fluid viscosity μf and injection rate Q). The loading condition and model 
329 parameters are given in Table 2.

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

Case
Minimum 

horizontal stress σh

Maximum 
horizontal stress σH

Friction 
coefficient μfir

Fracturing fluid 
viscosity μf

Injection rate 
Q

A 3 MPa 4 MPa 0 to 0.65 1e-3 Pa·s 1e-3 m3/s
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B 3 MPa 3 to 6 MPa 0.25 1e-3 Pa·s 1e-3 m3/s

C 3 MPa 4 MPa 0.25
2.5e-4 to 5e-3 

Pa·s
1e-3 m3/s

D 3 MPa 4MPa 0.25 1e-3 Pa·s
2.5e-4 to 
1e-3 m3/s

331

σh

σH

Q

Hydraulic 
fracture Natural crack

A B x
y

332 Fig. 6. Diagram of the numerical model with a vertical NF

333 3.1. Effect of friction coefficient

334 Case A in Table 2 illustrates the effect of the friction coefficient on the interaction 
335 between HF and NF. When HF is close to NF, the change of tensile stress at point B 
336 with the change of friction coefficient μfri is shown in Fig. 7(a). When HF extends to 
337 point A (here, 1000 steps after the HF reaches point A is considered), the distribution 
338 of tensile stress on the right side of the surface of NF is shown in Fig. 7(b).
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(a)  (b)

339 Fig. 7. Effect of the friction coefficient on the distribution of tensile stress on the right 
340 side of the HF: (a) variation curve of tensile stress at point B; (b) distribution of 
341 tensile stress on the right side of NF.

342 The obtained results show that, the tensile stress on the right side of NF increases 
343 with friction coefficient, which may induce the HF penetrating the NF. Additionally, 
344 Fig. 8(a) indicates that the tensile stress σyy on the right side of the NF is not directly 
345 linearly proportional to the friction coefficient μfri, while the friction force is 
346 significantly higher than μfri·σH. This observation is related to the fact that the sliding 
347 friction is a typical nonlinear process and then the magnitude of frictional forces 
348 acting on the fracture surfaces in each set of cases is not linearly proportional to the 
349 friction coefficient. Since the areas of stress concentration near the HF tip (as shown 
350 in Fig. 8), the friction force on the right side of NF will be significantly higher than 
351 that of μfri·σH.

(a) (b)

352 Fig. 8. Schematic diagram of the stress concentration at the tip of the HF: (a) 
353 distribution of σxx; (b) distribution of σyy.

354 3.2. Effect of in-situ stress distribution

355 Case B illustrates the effect of the in-situ stress distribution (in-situ stress ratio) on the 
356 interaction between HF and NF. In hydraulic fracturing, in-situ stress is an important 
357 factor affecting the fracturing behavior. When HF is close to NF, the distribution of 
358 in-situ stress will affect the contact force of NF surface, thus affecting the friction 
359 force on the right side of the NF. At the same time, the distribution of in-situ stress 
360 also affects the opening process of NF, as well as the interaction between the HF and 
361 the NF. When HF is close to NF, the change in tensile stress at point B is shown in 
362 Fig.9(a). When HF extends to point A, the tensile stress distribution on the right side 
363 of the NF is shown in Fig. 9(b). The simulation results in Fig. 9 show that with the 

Stress 
concentration

Stress 
concentration
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364 increase of in-situ stress ratio, the tensile stress on the right side of the NF increases. 
365 Therefore, the greater the in-situ stress ratio is, the more likely the HF is to penetrate 
366 the NF. Meanwhile, Fig. 9(a) shows that the in-situ stress ratio has little effect on the 
367 crack propagation rate and rock mass deformation rate.
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368 Fig. 9. The influence of in-situ stress ratio on the distribution of tensile stress on the 
369 right side of the HF: (a) the curve of tensile stress at point A (when the value reaches 
370 its peak); (b) the distribution of tensile stress on the right side of the NF.

371 Combined with the contents of sections 4.1 and 4.2, following the model shown 
372 in Fig. 10 and resetting the boundary conditions, the interaction results of HF and NF 
373 under different in-situ stress ratios and friction coefficients are obtained by fixing σh 
374 to 6 MPa and adjusting σH and μfri. The numerical simulation results are compared 
375 with the prediction results of the RP criterion (as shown in Equation (15), the 
376 compressive stress is negative. T0 is the tensile strength of the rock, and in PD, T0 can 
377 be related to the critical elongation of the bond[63]). The simulation results of this 
378 model are consistent with the prediction results of the RP criterion[64] (Fig. 10).     
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381 Fig. 10. Comparison of numerical results and R&P criteria on prediction results.

382 3.3. Effect of fracturing fluid viscosity

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

390 Under different fracturing fluid viscosities, when HF propagates toward the point 
391 A (1000 steps after the HF reaches point A), the numerical results are given in Fig. 
392 11.
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393 Fig. 11. Influence of fracturing fluid viscosity on the interaction between HF and NF: 
394 (a) aperture distribution of NF; (b) pressure distribution in the NF; (c) curve of tensile 
395 stress change at point B; (d) tensile stress distribution on the surface of NF (when the 
396 value reaches its peak); (e) tensile stress distribution on the surface of NF (5000 steps 
397 after the HF come into contact with NF).

398 According to the calculation results, with the increase in fracturing fluid 
399 viscosity, the speed of the fracturing fluid entering the NF decreases significantly (as 
400 shown in Fig. 11(c). When μf=5 mPa·s, the fracturing fluid could not completely fill 
401 the newly expanded space in the NF, so negative pressure arises in the NF), and the 
402 HF aperture also decreases significantly (Fig. 11(a)). Although the peak friction on 
403 the right side of the NF (at point B) decreases slightly with the increase in fracturing 
404 fluid viscosity (Fig. 11(d)), the period during which friction is maintained at a high 
405 value is significantly prolonged (Fig. 11(c) and (e); after 5000 steps of the HF 
406 propagating to point A, the tensile stress acting on the right side of the NF is much 
407 greater when μf is 5mPa·s than when uf is 1mPa·s). Therefore, the higher the 
408 fracturing fluid viscosity, the more favorable it is for the HF to penetrate the NF. This 
409 conclusion is consistent with that obtained by Llanos et al[6].
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410 3.4. Effect of injection rate

411 Case D illustrates the effect of the injection rate on the interaction between HF and 
412 NF. With the increase in the injection rate of the fracturing fluid, the HF propagation 
413 tends to be "toughness dominated". The injection rate affects the propagation and 
414 opening rate of the HF, as well as the opening rate of NF. Therefore, the injection rate 
415 also affects the interaction between NF and HF. Fig.12(a) shows the change curve of 
416 the tensile stress at point B of NF surface for different injection rates; similarly, Fig. 
417 12(b) shows the change curve of the fracturing fluid pressure in the NF near point B, 
418 and Fig.12(c) reflects the change curve of the aperture of the NF near point B.
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419 Fig. 12. The influence of the fracturing fluid injection rate on the interaction between 
420 HF and NF: (a) variation in the tensile stress at point B; (b) the pressure curve in the 
421 NF near point B; (c) variation in the tensile stress at point B.

422 Fig. 12 shows that with the increase injection rate, although the increase in the 
423 opening rate of NF (Figs. 12(b) and (c)) leads to the decrease in the period of high 
424 friction force of the rock mass on the right side of NF (Fig. 12(a)), the increase in 
425 injection rate can significantly increase the friction force of the rock mass on the right 
426 side of the NF (Fig. 12(a)). Therefore, at higher injection rates, the rock mass on the 
427 right side of NF is more likely to crack, and HF is more likely to penetrate NF.
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428 3.5. Effect of approach angle 

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

439 Table 3 Loading conditions and model parameters.

Approach 
angle θ

Minimum 
horizontal stress 

σh

Maximum 
horizontal stress 

σH

Friction 
coefficient μfir

Fracturing fluid 
viscosity μf

Injection 
rate Q

15-90° 10 MPa 12.5 MPa 0.6 15e-3 Pa·s 1e-3 m3/s

440

Fracture energy of the rock Gc1 Fracture energy of the joint Gc2

100 J/m2 20 J/m2

441

442

σh

σH

Q

Hydraulic 
fracture

Natural fracture

Approach angle θ

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

Damage

(a)

Damage

(b)

Damage

(c)

Damage

 
(d)

Damage

(e)

Damage

 
(f)

456 Fig. 14. Fracture distribution in the case with different inclination angle of NF: (a) 
457 θ=15°;(b) θ=30°; (c) θ=45°; (d) θ=60°; (e) θ=75°; (f) θ=90°.
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458 Fig. 15. Evolution of fracture length: (a) length of the HF captured by the NF; (b) 
459 length of the HF captured by the NF.

460 According to the simulation results, when the dip angle of NF is below 30°, HF 
461 is completely captured by NF (Fig. 14(a)). When the dip angle of NF is between 30° 
462 and 60°, HF bifurcates near NF: one branch being captured by the NF and the other 
463 one penetrating it. Moreover, one observes that the propagation speed of HF increases 
464 with the increase in the dip angle of NF (Fig. 15). When the dip angle of NF is 75° or 
465 more, HF penetrates NF without capture. When the dip angle of HF is approximately 
466 75°, it deviates slightly before penetrating NF (Fig. 14(e)). Whereas, when the angle 
467 is 90°, HF bifurcates and traverses NF (both bifurcations directly penetrate the 
468 interface, as shown in Fig.14(f)). The simulated bifurcation of fracture, while 
469 penetrating a weakly adhesive interface, mirrors a previously verified experiment. 
470 This phenomenon is coherent with the experimental data of [66], which is worthy of 
471 further investigation. The simulation results also reveal a significant influence pattern 
472 of HF and the morphology and propagation mode of the NF: when HF interacts with 
473 NF (e.g. HF capture or deviation along NF), HF propagation slows while the aperture 
474 widens. If HF directly penetrates the interface, it propagates faster, but with a lower 
475 aperture (compare Fig. 14(f) with other images in Fig. 14, as well as compare the light 
476 blue curve in Fig. 15(b) with other curves).

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

478 In the previous section, the interaction mechanisms between HF and NF have 
479 been analyzed under 2D conditions. Additionally, the influencing factors, such as the 
480 stress distribution, fracture surface friction coefficients, and hydraulic fracturing 
481 construction parameters, on the interaction between HF and NF are investigated. 
482 However, in actual hydraulic fracturing operations, both HFs and NFs present as 
483 complex discontinuity in three-dimensional space[67]. In addition, the fracture 
484 propagation depends on the in-situ triaxial stress field[52]. Although two-dimensional 
485 hydraulic fracturing models are capable of revealing the principal interaction 
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486 mechanisms between NF and HF, the propagation patterns of fracture surfaces cannot 
487 be captured by them. Another noteworthy point is that, based on the two-dimensional 
488 model, researchers[68] have classified the interaction patterns between HF and NF as 
489 penetration, deflection, and captured, et. Under three-dimensional conditions, 
490 "diversion" is also identified as a significant interaction pattern (as shown in Fig. 16), 
491 wherein HF bypasses NF and continues to propagate without penetration[69].This 
492 particular interaction pattern can only be simulated using a three-dimensional model. 
493 In this section, the interaction patterns between HFs and NFs under three-dimensional 
494 conditions are investigated, as well as the propagation modes and distribution 
495 characteristics of fracture surfaces. 

496 The model’s dimensions are 1.05 m*1.05 m*1.8 m. The elastic modulus of the 
497 studied material E is 15 GPa, and the critical energy release rate Gc is 100 J/m2. The 
498 characteristic length of material points Δx is 0.03 m, and the time step Δt used in the 
499 calculations is 2.5e-5 s. The injection rate of the fracturing fluid is 2e-4 m3/s.

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

505

Hydraulic 
fracture

Natural 
fracture

Hydraulic 
fracture

Natural 
fracture

Diversion

506 Fig. 16. Diagram of the HF bypassing the NF.

507 4.1. The x-z oblique intersection

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

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

Case
Horizontal 
stress σx

Horizontal 
stress σy

Vertical 
stress σz

Friction 
coefficient μfir

Fracturing fluid 
viscosity μf

θ

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°

518 The injection volume of fracturing fluid pump Qv is approximately 2.5e-5 m3 in 
519 each case (Fig. 18). The simulation results indicate that the "capture" state in the 3D 
520 (Fig. 18(a)) differs significantly from those in 2D[68, 70]. In 3D model, the edges of 
521 HF and NF come into contact and fuse, resulting in the upper end of the NF forming a 
522 shape resembling a "sunshade" (i.e., after HF is captured by NF, NF not only 
523 propagates in the x-direction but also extends in the x-z plane). In Case B, the 
524 increased viscosity of the fracturing fluid (μf=60 mPa·s) leads to a reduced rate of 
525 fluid influx into NF, limiting the opening of NF and thereby promoting HF to bypass 
526 it. As revealed in our previous research[50], an increase in horizontal stress along the 
527 y-direction can promote the propagation of HF in the perpendicular direction 
528 (x-direction). Therefore, in the Case C, with the increasing of σy, HF not only 
529 penetrates NF but also bypass the NF, propagating on the other side of NF (as shown 
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530 in Fig. 18(d)). In the Case D, despite having construction parameters and boundary 
531 conditions identical to Case A, the increased dip angle (θ=60° in case A, while θ=60° 
532 in case D) of NF induces HF to bypass it. Therefore, with the growing inclination 
533 angle, the diversion occurrence becomes more likely (comparing Fig. 18(f) to Fig. 
534 18(a)). Furthermore, although HF bypasses NF in both Case B and Case D, in the 
535 scenario with a smaller dip angle (Case B), there is also lateral displacement of HF 
536 during bypassing. In other words, the simulation results of the Case B exhibit a mixed 
537 form of bypassing and deflection. The Case E (Figs. 18(g) and (h)) further validates 
538 the conclusions from Section 4. These observations indicate the horizontal stress 
539 increases, the frictional forces acting on the surface of NF also increase and then 
540 facilitatesthe penetration of HF through NF. In this particular case, due to the incline 
541 of NF, there is also lateral displacement of HF as it penetrates NF, resulting in an 
542 arched distribution of HF on the other side of NF. The obtained results further 
543 indicate that, despite the distribution pattern of fractures in 2D closely resembling the 
544 x-z intersection, the 3D model is still capable of reproducing numerically a more 
545 diverse and accurate pattern of fracture propagation. 

(a) (b) (c)

(d) (e) (f)
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(g) (h)

546 Fig. 18. Fracture distribution of different cases in x-z oblique intersection: (a) case A; 
547 (b) case B; (d) case C; (e) case D (Qv= 2.25 m3); (f) case D (Qv= 2.25 m3); (g) case E; 
548 and fracturing fluid pressure distribution of case B (C) and case E (h).

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

554 4.2. The x-y oblique intersection

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

561 Table 5 Boundary conditions and construction parameters of the x-y oblique 
562 intersection model.

Case
Horizontal 
stress σx

Horizontal 
stress σy

Vertical 
stress σz

Friction 
coefficient μfir

Fracturing fluid 
viscosity μf

Length of 
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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I 15 MPa 10 MPa 10 MPa 0.45 10 mPa·s 0.3 m

563 The simulation results of the fracture distribution and fracturing fluid pressure 
564 distribution when the injection volume of fracturing fluid pump Qv is approximately 
565 2e-5m3 are shown in Fig. 19. In Case F, HF is entirely captured by NF, incapable of 
566 penetrating or bypassing it (Fig. 19(a)). Conversely, in Case I, due to the halving of 
567 the NF's length compared to that in Case F, the HF bypasses the NF (Fig. 19(g)). 
568 Hence, the length of the NF significantly influences the HF's ability to bypass it. In 
569 Case G, due to the increased friction coefficient of the fracture surface, HF penetrated 
570 NF. In contrast, in Case H, the elevated fracturing fluid viscosity restricted the rate of 
571 pressure increase within NF (Fig. 19(f)), consequently limiting the opening speed of 
572 NF. This restriction facilitated HF penetration through NF, while simultaneously 
573 giving rise to the phenomenon of HF bypassing NF (Fig. 19(e)), thus a mixed 
574 propagation form involving both penetration and circumvention occurs in Case H. 
575 This also results in the boundary of HF in Case H being closer to a smooth arc 
576 compared to that in Case G.

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

577 Fig. 19. Simulation results of the x-y oblique intersection: (a) fracture distribution of 
578 case F; (b) fracturing fluid pressure distribution of case F; (c) fracture distribution of 
579 case G; (d) fracturing fluid pressure distribution of case G; (e) fracture distribution of 
580 case H; (f) fracturing fluid pressure distribution of case H; (g) fracture distribution of 
581 case I; (h) fracturing fluid pressure distribution of case I.

582 4.3. The y-z oblique intersection

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

590 When the NF is parallel to the y-z plane, HF does not penetrate NF, and the 
591 propagation pattern of HF is a combination of "capture" and "diversion". Whether NF 
592 can separate the influx of fracturing fluid and expand is the focal point of this section. 
593 Therefore, the friction coefficient and fracturing fluid viscosity are fixed in this set of 
594 cases (these two parameters mainly affect the penetration of the HF), and different 
595 fracture propagation patterns are obtained by adjusting the in-situ stress distribution.
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596 Table 6 Boundary conditions of the y-z oblique intersection model.

Case Horizontal stress σx Horizontal stress σy Vertical stress σz θ

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°

597 Fig. 20 shows the simulation results of the distribution of fracture and fluid 
598 pressure of cases J to N. During hydraulic fracturing, the HF are only likely to 
599 propagate when the fracturing fluid pressure is roughly not lower than the sum of the 
600 normal stress on the fracture plane and the tensile strength of the rock. This also 
601 explains one of the influencing mechanisms in the propagation of HFs and NFs 
602 concerning the distribution of in-situ stress. In case J, the normal stress acting on the 
603 HF (σz=10 MPa) is equal to the normal stress acting on the HF (σy=10 MPa). 
604 Additionally, due to the viscosity of the fracturing fluid (resulting in higher fracturing 
605 fluid pressure near the wellbore compared to the far end), the fracturing fluid pressure 
606 within the NF does not meet the conditions (as described above) required to sustain 
607 the expansion of the natural fractures (as shown in Fig. 20(c)). Therefore, the NF in 
608 case J dose not open or propagate (Figs. 20(a) and (b)). In case K, the normal stress 
609 acting on the HF is significantly higher than the normal stress acting on the HF. 
610 Therefore, the pressure of the fracturing fluid flowing from HF into NF is sufficient to 
611 cause the NF to open and propagate (Fig. 20(d)). In case L, due to the significant 
612 increase in vertical in-situ stress (σz=20 MPa) compared to horizontal in-situ stress 
613 (σx=σy=20 MPa), the HF bifurcates and propagates in the vertical direction (Fig. 
614 20(e)). This is in line with the theory that the HF propagates parallel to the maximum 
615 principal stress direction. Based on the simulation results of the two-dimensional 
616 model, we preliminarily believe that when the ratio of the difference between vertical 
617 in-situ stress and rock tensile strength to horizontal in-situ stress is higher than a 
618 certain critical value, HF will bifurcate and deflect towards the vertical direction. The 
619 mechanism by which the originally horizontally distributed HF bifurcates and deflects 
620 to the vertical direction is still worth further discussion in the future. In cases M and 
621 N, the normal stress acting on the HF (σz) is significantly greater than that acting on 
622 the NF (σy*cosθ+σz*sinθ), resulting in the NF opening and propagating. In case M, 
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623 where σy=σz, the NF does not deflect but rather propagate within their respective 
624 plane. On the other hand, in case N, where σz is greater than σy, the net force 
625 experiences deflection and propagate within the x-z plane. Due to the significantly 
626 smaller difference between the normal stresses acting on the HF surface and NF 
627 surface in Case M (σz-(σy*cosθ+σz*sinθ)) compared to the difference in Case N 
628 (σz-σy), the propagation rate of the HF in Case M is noticeably greater than that in 
629 Case N. Conversely, the propagation rate of the NF in Case M is significantly slower 
630 than that in Case N.

(a) (b) (c)

(d) (e) (f)

(g) (h)

631 Fig. 20. Simulation results of the x-y oblique intersection: (a) fracture distribution of 
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632 case J; (b) fracture aperture distribution of case J; (c) fracture fluid pressure 
633 distribution of case J; (d) fracture distribution of case K; (e) fracture distribution of 
634 case L; (f) fracture distribution of case M; (g) fracture distribution of case N; (h) 
635 fracture fluid pressure distribution of case N.

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

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

647 A three-dimensional jointed rock model, as shown in Fig. 21, has been 
648 constructed with dimensions of 1.8m*1.8m*1.05m. The elastic modulus of the rock E 
649 is 15 GPa, and the critical energy release rate for the rock Gc is 100 J/m2. The 
650 characteristic length of material points Δx is 0.03 m, and the time step Δt used in the 
651 calculations is 2.5e-5 s. The injection rate of the fracturing fluid is 2e-4 m3/s. The 
652 boundary conditions and model parameters are listed in Table 7, where θ represents 
653 the angle between the NF and the x-y plane.

654

Initial hydraulic 
fracture

Natural 
fractures

655 Fig. 21. 3D fractured rock mass model diagram

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

Case
Horizontal 
stress σx

Horizontal 
stress σy

Vertical 
stress σz

Friction 
coefficient μfri

Fluid viscosity 
μfri

θ
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A 10 MPa 10 MPa 10 MPa 0.45 15 mPa·s 60°

B 20 MPa 10 MPa 10 MPa 0.45 15 mPa·s 60°

C 20 MPa 10 MPa 10 MPa 0.8 15 mPa·s 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 mPa·s 75°

657 Fig. 22 shows the simulation results of hydraulic fracturing in jointed rock when 
658 the injection volume Qv is about 1e-4 m3. In Cases A and E, the vertical and 
659 horizontal stresses are equal. Therefore, after being captured by the nearest NF, the 
660 HF primarily propagates within the plane where the NF is located, rather than 
661 continuing to propagate within the horizontal plane. Therefore, when the difference in 
662 in-situ stresses is small, NFs will significantly deflect the propagation direction of HF 
663 and restrict the propagation of HF in the length direction. When the difference 
664 between vertical stress and horizontal stress reaches 10 MPa (case B), the HF will 
665 penetrate or bypass the NF and mainly propagate in the x-y plane (as shown in Figs. 
666 22(c) and (d)). As the fracturing fluid viscosity further increases (μf=50 mPa·s), the 
667 surface of the HF becomes smoother, indicating that the HF tends to propagate more 
668 within the x-y plane. On the basis of the construction parameters and boundary 
669 conditions in Case B, increasing the dip angle of NFs to 75 °, it is obvious that the HF 
670 has a faster propagation rate in the x-y plane, which also verifies an obvious rule that 
671 a larger approaching angle is more conducive to HF penetrating NF.

(a) (b) (c)
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(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

672 Fig. 22. Simulation results of hydraulic fracturing in a jointed rock mass: (a) fracture 
673 distribution of case A (Qv=0.5e-4 m3); (b) the projection of fractures in the x-y plane 
674 of Case A (Qv=0.5e-4 m3); (c) fracture distribution of case B; (d) the projection of 
675 fractures in the x-y plane of Case B; (e) fluid pressure distribution of case C; (f) 
676 fracture distribution of case C; (g) fracture distribution of case D; (h) the projection of 
677 fractures in the x-y plane of Case D; (i) fracture distribution of case E (Qv=0.5e-4 
678 m3); (j) the projection of fractures in the x-y plane in Case E (Qv=0.5e-4 m3); (k) 
679 fracture distribution of case F; (l) the projection of fractures in the x-y plane in Case 
680 F.
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681 6. Conclusions and discussions 

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

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

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

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